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ABSTRACT 
The use of recycled materials in asphalt mixtures such as reclaimed asphalt pavements 
(RAP) and more recently recycled asphalt shingles (RAS) have become widely accepted in the 
United States as a replacement for virgin asphalt binder or virgin aggregates. However, the 
economics and the challenges of using them were not viable until recently. The use of RAP and 
RAS thus represents one of the most convenient ways of reducing production costs even while 
improving the sustainability of pavement systems by replacing part of the virgin materials in Hot-
Mix Asphalt (HMA).  
This study examined the effect of high asphalt binder replacement for a low N-design 
asphalt mixture, including RAP and RAS on the different asphalt mixture performance indicators 
such as permanent deformation, fracture, fatigue potentials, and stiffness. In addition, fine asphalt 
mixture (FAM) samples were prepared using fine aggregates (FM-20) and different RAS 
percentages mixed with either PG46-34 or PG64-22 asphalt binder. The main objective of this part 
of the study was to develop time efficient protocols to evaluate the influence of recycled materials 
on asphalt mixture performance. 
An experimental program for the regular mixes included complex modulus, fracture, 
overlay reflective cracking resistance, wheel track permanent deformations, and push-pull fatigue 
tests. The asphalt binder replacement levels in the mix using combinations of RAS and RAP were 
in the range of 43% to 64%. For the FMA, in addition to the control mix with PG64-22 (0.0% 
RAS), mixes with 7.1% RAS content, and RAS contents at 2.5% and 7.1% were used with PG46-
34. The testing program for the FAM specimens included complex shear modulus, shear strength 
and fatigue.  
For the asphaltic mixtures, RAS reduced rutting potential. However, fracture tests at low 
temperature did not reveal any significant difference between the specimens prepared with varying 
percentages of asphalt binder replacement. The fatigue potential of mixtures increased with 
increasing RAS content and asphalt binder replacement. The specimens prepared with 2.5% RAS 
and PG46-34 showed the best fatigue performance. The impact of asphalt binder bumping was 
noticeable when the asphalt binder type was changed from PG 58-28 to PG 46-34 at the highest 
asphalt binder replacement level; fatigue life and fracture energy were improved. The results 
showed that complex modulus test results can provide crucial information about the mix 
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viscoelastic properties such as relaxation potential and long-term stiffness that can be used, along 
with fracture tests, to evaluate mix brittleness at relatively high asphalt binder replacement levels. 
Results obtained from FAM testing shown to be comparable to the asphalt mixture results. 
A good correlation was observed between both asphalt mixture complex modulus and the FMA 
complex shear modulus obtained using the DSR. The results from the FAM specimens were shown 
to be consistent and sensitive to varying RAS percentages. Results obtained from the DSR testing 
showed that the mixes prepared with PG64-22 have higher stiffness, tensile strength, and complex 
modulus compared with the mixes prepared with PG46-34 asphalt binder. In addition, as RAS 
content increases, complex modulus and shear strength increase. As to the fatigue life, it decreases 
as RAS content increased when conducted in the strain-control (low cycle) setting. However, as 
expected, stress-control fatigue tests showed an improvement in the fatigue life when higher RAS 
content was used.  
Results obtained from the statistical analysis showed that most of the complex modulus 
results for the various mixes were significantly different from each other, except the mix with 0.0% 
RAS and 2.5% RAS using PG46-34, and the mix with 7.1% RAS using PG46-34 and the mix with 
0.0% RAS using PG64-22 at some frequencies only. In general, statistical analysis and test 
observations, showed that the repeatability of proposed FAM specimen preparation methods and 
tests is satisfactory and the FAM testing can be useful in identifying critical parameters for high 
ABR mixes that can be used to select the type and amount of rejuvenators, RAS source variability, 
and identifying the proper binder grade. 
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CHAPTER 1: INTRODUCTION 
1.1 BACKGROUND  
The use of recycled materials in asphalt mixtures such as reclaimed asphalt pavements 
(RAP) and more recently recycled asphalt shingles (RAS) have become widely accepted in the 
United States as a replacement for virgin asphalt binder and/or virgin aggregates. The use of RAP 
and RAS became common practice in the U.S. in the mid-1970s, but the economics and the 
challenges of using them have ensured that their use has only recently become viable. The use of 
RAP and RAS thus represents one of the most convenient ways of reducing production costs in 
addition to improving the sustainability of pavement systems by replacing part the virgin materials 
in Hot Mix Asphalt (HMA) or Warm Mix Asphalt (WMA). At the same time, the excessive use 
of these recycled products in HMA/WMA can be detrimental to the asphalt pavement performance 
(Behnia et al. 2011). 
Recycled Asphalt Shingles consists of asphalt binder with percentages varying between 
18% and 30%, fiber glass or cellulose (paper), and dust or fine particles on the surface to prevent 
the shingles from sticking to each other. These three components can contribute to the asphalt 
mixtures improvement; especially, the asphalt binder which presents high percentages of the 
shingles. This asphalt binder can replace a high amount of the virgin asphalt binder used in the 
asphalt mixture and can, therefore, also help to reduce costs. Table 1 shows the typical composition 
of the fiberglass shingles (Grodinsky et al. 2002) . 
Table 1. Typical Composition of Asphalt Shingles (after Grodinsky et al. 2002) 
Component Fiberglass Shingles 
Organic 
Shingles 
Asphalt Cement 15-20% 30-35% 
Felt 5-15% 5-15% 
Mineral Filler 15-20% 10-20% 
Mineral Granules 30-50% 30-50% 
 
Recycled shingles are produced from two main sources. One source is shingles that are 
rejected from the manufacturer due to imperfections in the desired properties, also called 
“manufacturer waste scrap shingles” (MWSS). The MWSS represents a small amount of the RAS 
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used in asphalt production. The other source is post-consumer shingles, also called “tear off scrap 
shingles” (TOSS), which comprise a significant amount of the shingles disposed of in landfills and 
used for asphalt production (Goh and You 2011).  
Asphalt shingles are mainly used in the construction of residential houses. Approximately 
12.5 billion square feet of asphalt shingles are manufactured in the U.S. annually, covering 
between 70 to 80% of the homes in the U.S. As such, asphalt shingles make up about 8% of the 
total materials waste coming from residential buildings in the U.S. (NERC 2012).  
One of the reasons that the RAS has become of interest to many researchers is the 
availability of RAS in large quantities in landfills. Nearly 11 million tons of roofing shingles are 
disposed of in landfills annually; this includes 10 million of TOSS and 1 million of MWSS (Goh 
and You 2011). Studies show that recycling one ton of shingles is equivalent to the use of one 
barrel of oil (NERC 2012). The Illinois Department of Transportation (IDOT) reported that in 
2011, the city of Chicago used about 4,440 ton of RAS, while the Illinois Tollway used about 
14,045 tons of the same. The Illinois Tollway RAS usage was increased by about 12,278 tons 
compared to 2010. Current IDOT RAS usage is approximately 3,234 tons (Lippert et al. 2012). 
The use of Recycled Asphalt Shingles in asphalt construction has become accepted in many 
states; however, a limit on its usage is usually set to specific percentages. Illinois Department of 
Transportation (IDOT) allows the use of RAS in asphalt mixtures up to 5.0% by total weight or to 
a specific asphalt binder replacement level in the case that RAP and RAS are used as shown in 
Table 2 (Brownlee 2012). Same percentage of RAS is used in other states, such as Georgia, 
Maryland, Ohio and Minnesota. For HMA shoulder and stabilized subbase (HMA) N-30, IDOT 
specifies that the maximum binder replacement shall be 50%; for Stone Mastic Asphalt (SMA) the 
maximum binder replacement shall be 20% asphalt binder replacement (ABR); for IL 4.75 mixes 
the maximum binder replacement shall be 30%; and for any mix that has more than 20% ABR, the 
asphalt binder grade shall be reduced by one grade. For example, for a mix with 25% ABR, an 
asphalt binder grade of PG64-22 must be reduced to a grade of PG58-28. 
Indiana allows the use of RAS up to 25% of the total asphalt binder content in the HMA. 
Missouri allows the use of RAS in HMA up to 7.0% by weight of the mixture. Other states have 
established specifications for the use of RAS in asphalt mixtures as well, including North Carolina, 
Maine, Massachusetts, Texas, New Hampshire, Delaware, New Jersey, New York, Pennsylvania, 
Connecticut, Rhode Island, Vermont and Wisconsin (NERC 2012). 
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Table 2. IDOT RAS and RAP Usage Criteria (after Brownlee 2012) 
HMA Type Maximum %ABR 
NDesign Binder/ Leveling Binder Surface 
Polymer 
Modified 
30 35 35 10 
50 30 25 10 
70 25 20 10 
90 20 15 10 
105 10 10 10s 
 
In addition, transportation agencies usually have specifications for RAS manufacturing and 
gradation. Some of these restrictions are related to quality (gradation, binder content, and grading) 
while others are related to human health aspects, such as testing for asbestos in the tear off shingles 
before processing. Polarized Light Microscopy (PLM) is used to determine the asbestos presence 
in the shingles. The shingles are not allowed to be processed before the results of asbestos testing 
are negative: or, an indication of less than 1.0% presence of asbestos in the shingles. In addition 
the moisture content as well as the gradation of RAS need to be consistent, and the RAS asphalt 
binder content needs to be determined using the extraction and recovery. 
Shingles are processed after being collected through separating the debris and the 
undesirable materials and grinding to the specific desired sizes. The required processing size by 
IDOT is 6.35 mm (0.25 in) (Lippert et al. 2012). Some other states, such as Texas, allow for a 
specified maximum size of 100% passing sieve 12.5mm (½ in) and 95% passing sieve 9.5mm (3/8 
in) (Zhou et al. 2012). After grinding to the desired sizes, shingles must pass through screening to 
remove the oversized materials and are then re-ground to the required sizes again. Shingles of 
different sources must be separated before and after processing as well.  
The long- and short-term performance evaluation of asphalt mixtures with recycled 
materials have commonly been evaluated using laboratory and limited field and accelerated tests.  
The performance evaluation of mixes with recycled materials is primarily based on rutting 
tests, stiffness, and fracture tests. Several studies have shown that the use of RAS and/or RAP 
increases asphalt mixtures’ resistance to rutting or permanent deformation at intermediate and high 
pavement temperatures, however, it can negatively a
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cracking at lower pavement temperatures due to the effect of the RAP and RAS aged asphalt binder 
(Goh et. al 2011; Ma et al. 2010; Mogawer et al.  2011). 
In addition to long- and short-term performance uncertainties, difficulties in achieving 
desired mix volumetrics for mixes with RAS and/or RAP mixtures have cautioned state highway 
agencies to increase the amount of recycled material in asphalt mixtures. The key mix design issues 
include inconsistencies in RAS and RAP aggregate gradations, determining an accurate value for 
bulk specific gravities of RAS or RAP aggregates, selecting virgin binder, and achieving desired 
volumetrics for the mixtures. For virgin binder selection, the Asphalt Institute (1989) developed 
blending charts for incorporating RAP in HMA design. In 1997, Kandhal and Foo developed a 
procedure for selecting the performance grade (PG) of virgin asphalt binder to be used in HMA 
with RAP. More recently, blending charts were developed to include RAS as well as blends of 
RAS and RAP (Bonaquist 2011).  
Adding RAS to asphalt mixtures along with RAP also poses a new set of challenges to mix 
designers. A few of these challenges include the variability in the type, composition (organic fibers 
vs. fiberglass fibers), and processing of RAS material, the presence of deleterious material such as 
wood, plywood, nails, and tar paper, and the high amount of mineral filler with higher aged binder 
content.  
1.2 PROBLEM STATEMENT 
The increasing demand on asphalt products requires a move towards higher use cost 
effective and green alternatives, including the use of high asphalt binder replacement from using 
RAP and RAS. However, using RAS and RAP on relatively high contents necessitates further 
investigations regarding the mixes behavior in response to fatigue and thermal loadings. Hence, 
the effect of high binder replacement mixes must be evaluated using various performance tests in 
order to investigate the performance of these mixes as compared to standard ones. Unfortunately, 
current low temperature performance tests may not provide distinction as to the impact of high 
binder replacement mixes. In addition, some of the other performance tests are time consuming 
and labor intensive. Thus, there is a need to utilize a screening tool that can be correlated with 
performance tests. 
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1.3 RESEARCH OBJECTIVES AND APPROACH 
The objective of this study is to investigate the impact of high binder replacement on 
asphalt concrete performance. In order to achieve the objective of this study, two main tasks were 
developed. The first task was focused on obtaining critical performance parameters for mixes with 
high asphalt binder replacement. In the second task, the same performance parameters were 
obtained on fine asphalt mixture using the same materials. Specimen preparation and testing 
protocols need to be developed to evaluate the influence of recycled materials. Hence, fine asphalt 
mixture specimens, with varying percentages of recycled shingles, were prepared for modulus and 
strength testing.  
1.4 IMPACT OF THE STUDY 
This study aims towards characterizing the impact of RAS and its content when used in 
asphalt mixtures. The use of RAS in asphalt mixtures has several economic, environmental and 
social benefits. RAS contains a high percentage of asphalt binder, which replaces part of the virgin 
asphalt binder in the asphalt mixture, and thus, helps reducing the cost. The national asphalt 
pavement association reported in 1997 that using 5.0% of shingles in the asphalt mixture 
(byproduct) saves $1.0 to $2.8 per ton (NERC 1997). In 2012, the national asphalt pavement 
association (NAPA) reported that the use of RAS increased 70% in the year of 2011 compared to 
2009, which represents 380,000 tons (2.2 million barrels) of asphalt binder conserved assuming 
20% of the virgin binder replaced. The estimated savings at $600 per ton for asphalt binder is $228 
million (NAPA 2012). 
The use of RAS also has some environmental benefits of keeping RAS out of the landfill 
space and reducing the greenhouse gas (GHG) emissions due to transportation or the use of asphalt 
binder. Using 5.0% RAS in HMA reduces the carbon emissions by approximately 7.0% (NCAT 
2011). Furthermore, the use of RAS has some social benefits through creating new career 
opportunities in shingles recycling, processing, and different areas of engineering; while reducing 
the use of petroleum products.  
This study provides information on the expected performance of asphalt mixtures with 
RAS. Hence, if such mixtures perform or exceed the expected performance of typical asphalt 
mixtures, the aforementioned benefits will be realized and significant economical and 
environmental advantages can be realized.  
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1.5 THESIS ORGANIZATION 
This thesis contains seven chapters. Chapter One describes background on RAS materials 
as well as problem statement and objectives of thesis. Chapter Two summarizes the literature 
related to the use of RAS and RAP. The scope of the literature review is also extended to specimen 
preparation and experimental characterization for mastics and fine aggregate mixtures. The third 
chapter contains a description of the experimental program performed in this study for asphalt 
mixture and fine asphalt mixture. A detailed description of tests performed in this study is 
presented in this chapter. Chapter Four describes the materials used for each test as well as the 
sample preparation. Chapter Five addresses the results from mixture testing, while Chapter Six 
presents the results from the fine asphalt mixture testing. Finally, Chapter Seven presents the 
findings, conclusions, and recommendations of this study. 
 
 
 
 
 
 
 
 
 
7 
 
  
CHAPTER 2: LITERATURE REVIEW 
The main purpose of this literature survey is to identify various tests that have been used 
for the evaluation of asphalt mixtures, performance with recycled materials. This includes the 
evaluation of high temperature performance such as rutting susceptibility, thermal cracking and 
fracture energy tests as well as intermediate temperature tests including fatigue and damage 
characteristics. The survey also covers the evaluation of the performance related parameters for 
the binder and mastics.  
 
2.1  LABORATORY PERFORMANCE TESTS TO CHARACTERIZE FATIGUE AND 
FRACTURE OF ASPHALT MIXTURES 
Numerous studies on laboratory performance of asphalt mixtures with RAS and RAP 
report changes in the physical behavior of asphalt mixtures. An increase in the complex modulus, 
decrease in rutting potential, and increase in thermal cracking potential are some of the commonly 
observed effects described in the literature (Al-Qadi et al. 2009, 2012; Daniel and Lachance 2005; 
Shah et al. 2007; Li et al. 2008; Gardiner and Wagner 1999). The increased stiffness of the RAP 
asphalt binder is believed to be the cause of the increased modulus of HMA. Similarly, it also 
affects the mixtures’ fatigue behavior and thermal cracking resistance. Different tests have been 
reported in the literature for the evaluation of these characteristics. Tests and approaches used to 
determine these mixture characteristics are summarized in this section.  
 
Rutting or Permanent Deformation Potential Tests 
Rutting or permanent deformation characteristics of asphalt mixtures are usually 
determined by Hamburg wheel track (WTT) (AASHTO T324-11) and/or uniaxial flow tests 
(AASHTO TP 79). Both tests indicate the permanent deformation accumulation over the repeated 
application of stress cycles. The WTT is also suggested for use to evaluate moisture susceptibility 
of asphalt mixtures. Details about the WTT are provided in Chapter 4. 
The uniaxial flow test is a repeated load permanent deformation test. The test is conducted 
on a cylindrical specimen by applying haversine load pulses of a 0.1 sec load followed by a 0.9 
sec rest period. The permanent axial deformation is measured at the end of the rest period and 
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converted to strain by dividing by the original gauge length; the flow number is defined as the 
minimum rate of change in permanent strain occurring during the test. Figure 1 illustrates the 
laboratory uniaxial flow test used in rutting evaluation of asphalt mixtures with and without 
recycled materials. 
 
 
Figure 1. Uniaxial flow test fixture and setup 
Modulus Testing 
The Complex modulus (E*) test defines the relationship between stress and strain for a 
linear viscoelastic material under sinusoidal loading. Recent studies have recommended this test 
for comparative study of mixes (Witczak et al. 2002; Bonaquist et al. 2003; Carpenter 2007; Vavrik 
et al. 2008; Ye et al. 2009; Braham et al. 2011; Ozer et al. 2012). The complex modulus comprises 
one of the material characterization inputs that can be used in the Mechanistic Empirical Pavement 
Design Guide (MEPDG) to model pavement performances. Further details about the complex 
modulus test are provided in Chapter 4. 
 
Fatigue Tests 
One of the major concerns about using higher amounts of recycled materials such as RAP 
and RAS is the potential adverse effect on the fatigue performance of asphalt mixtures. It has been 
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shown that the aged asphalt binder in RAS and RAP affects the asphalt mixture’s relaxation 
properties at low and intermediate temperatures. Such mixes with poor relaxation properties might 
exhibit lower fatigue life as compared to virgin mixes. Therefore, various types of fatigue tests 
have been used to assess the fatigue performance of mixes with RAP and RAS. Four point bending 
beam fatigue, push-pull fatigue test and the Texas Overlay Test are the most commonly used 
fatigue tests.  
The flexural beam fatigue test is used to characterize the fatigue life of HMA at 
intermediate pavement temperatures; this test simulates the fatigue life of asphalt pavement under 
repeated.  
The beam fatigue test is performed by placing a beam asphalt sample (380x50x63 mm 
(15x2x2.5 inches)) and applying a repetitive four-point loading at a specified stain limit until 
failure (Figure 2). The frequency of loading is variable and is normally between 1 Hz and 10 Hz. 
The deflection caused by the loading usually occurs at the middle of the beam where the failure 
also occurs. The number of loading cycles to failure is obtained from the beam fatigue test as well 
as the dissipated energy during the test, which is a measure of the loss of energy from the beam 
sample due to mechanical loading and damage accumulation (Guzlan and Carpenter 2003; Shu et 
al. 2007), . Figure 2 illustrates beam fatigue test setups. Details about the push-pull and the Texas 
overlay are provided in Chapter 4. 
 
 
Figure 2. Four point beam fatigue apparatus 
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Fracture Tests 
Thermal cracking has been the major concern with the use of recycled materials in asphalt 
mixtures due to the effect of the highly oxidized asphalt binder such as in those containing RAP 
and RAS. Low temperature cracking and compliance tests are commonly used to investigate the 
influence of RAS and RAP on thermal cracking potential. Fracture energy tests, such as the Semi 
Circular Bending Beam (SCB) and the Disc Compact Tension (DCT) are usually used to evaluate 
asphalt mixtures’ thermal cracking potential. Other tests, such as the creep and relaxation, were 
used in the evaluation of thermal cracking potential of asphalt mixtures with RAS and RAP 
(Marasteanu et al. 2012). Details about the SCB and DC(T) fracture tests are provided in Chapter 
4. 
2.2  LABORATORY PERFORMANCE EVALUATION 
Numerous studies on laboratory performance of asphalt mixtures containing RAS and RAP 
reported changes in the physical behavior of asphalt mixtures. An increase in the complex moduli, 
decrease in rutting potential, and increase in thermal cracking potential are some of the commonly 
observed effects described in the literature (Al-Qadi et al., 2009, 2012; Daniel et al., 2005, Shah 
et al., 2007; Li et al., 2008; Gardiner et al., 1999). The relatively high stiffness of the RAP binder 
is believed to be the cause of the increased modulus of HMA; similarly, it also affects the mixtures’ 
fatigue behavior and thermal potential cracking. Different tests have been used for the evaluation 
of the aforementioned characteristic parameters. These parameters and some of the associated tests 
are described in this section.  
Rutting or Permanent Deformation 
Al-Qadi et al. (2012) used the WTT in order to evaluate asphalt mixtures with high 
percentages of RAP ranging from 0.0% up to 50%. Materials from two different sources were used 
to prepare 19.0 mm nominal maximum aggregate size (NMAS) N90 binder mix designs. Mixes 
were prepared using three different asphalt binder grades: PG64-22 (control), a single bumped 
asphalt binder grade of PG58-22, and a double bumped asphalt binder grade as PG58-28. 
Superpave gyratory compacted samples were prepared at a target air voids of 7.0%±1.0. The WTT 
was performed on wet-conditioned (submerged in water) specimens at 50°C (122°F). Results 
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obtained showed that the addition of recycled materials improved the mixtures resistance to rutting 
potential, especially when increasing the percentage of RAP from 0% to 50%.  
In another study, a loaded wheel tester (LWT) was used to evaluate the rutting resistance 
of rubberized asphalt mixtures with RAP (Xiao et al. 2007). The Loaded wheel tester is used to 
characterize rutting potential of asphalt mixtures by applying moving wheel loads on asphalt 
mixture specimens similar to the WTT. The same trend of most other studies was observed as the 
rutting resistance increased with adding RAP in the asphalt mixture. 
Apeagyei, et al. (2011) evaluated various mixes with different RAP amounts for rutting 
potential. Nineteen plant-produced asphalt mixtures were used with different RAP amounts 
ranging from 0.0% to 25%. Apeagyei and his co-workers used the flow number (FN) test at 54°C 
(129.2°F), the dynamic modulus test, and other binder tests in order to evaluate rutting potential 
with increasing RAP amounts. The mixtures with moderate RAP amounts (10% to 15%) showed 
the highest FNs regardless of the asphalt binder grade used. In addition, the FN of the mix with 
25% RAP was found to be similar to the FN of the control mix with 0.0% RAP. Unexpected results 
were obtained, as the general conclusion was that increasing RAP amounts decreased the rutting 
resistance of asphalt mixtures; however, this was observed while softer asphalt binder grades were 
used with mixes with higher RAP amounts, which means the result would be different if the same 
asphalt binder grade was used in the comparison. 
A pooled fund study was performed by Cascione et al. (2010), where various mixes were 
prepared and placed in the field at several locations in different states including Iowa, Minnesota, 
Missouri, and Indiana. Mixes were prepared using RAP and RAS in order to evaluate their 
performance using laboratory performance tests as well as field observations. As a part of this 
study, Cascione et al. (2010) used the FN s, while the post-consumer shingles were used with 9.5 
mm NMAS N90 mixes using the same asphalt binder grade.  The ABR levels ranged between 15% 
for the mix with post manufacturer shingles and 20.5% for the mixes with post-consumer shingles. 
Results showed that the mix prepared with 5% TOSS had the highest FN among the mixes 
evaluated as an indication of higher potential rutting resistance of the mix with TOSS as compared 
to the mix with MWSS or the mix with 30% RAP.  
Furthermore, N80 mixes prepared with blends of RAS and RAP as (45 mm) 1.75 in overlay 
in Missouri were also evaluated using the FN test. Three mixes were prepared as 0% RAS with 
15% RAP, another 9.5 mm NMAS mix with 5% fine RAS (passing sieve  3/8 in) blended with 
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10% RAP, and another 12.5 mm NMAS mix with 5% coarse RAS (passing sieve (12.5 mm (½ 
in)) blended with 10% RAP. Results showed that the mix with 10% RAP had higher FN than the 
other two mixes with 5% fine and course RAS. Other mixes prepared as 38 mm (1.5 in) overlay 
in Indiana were also evaluated using the FN test. Mixes were prepared with 15% RAP, another 
mix with 3% RAS HMA, as well as a mix with 3% RAS WMA. Results showed that the mix 
prepared with 15% RAP had the highest FN as compared to the other RAS mixes, while no 
significant difference in the FN were observed between the HMA and WMA. 
It has been shown through almost all of the studies reviewed that the use of recycled 
materials decreases the rutting potential of asphalt mixtures. This is consistently found in the 
research reports and papers surveyed for this review. A partial list of the studies concerning the 
permanent deformation evaluation of mixes with RAP and RAS is presented in Table 3.  
Stiffness and Complex Modulus 
Foxlow et al. (2011) used the complex modulus to evaluate various mixes; some with RAP, 
others with RAS having different sizes (passing No. 50 sieve and retained on No. 50 sieve as well 
as normal ground shingles), and yet others using polymer modified asphalt. The test was completed 
on  0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 Hz and temperatures of 20°C (68°F), 10°C (50°F), 0°C (32°F), 
-10°C (14°F), and -20C (-4°F). Results indicated that the mixture prepared with RAP is stiffer and 
has a higher complex modulus than the other mixes prepared with RAS, recognizing that the RAP 
mix has slightly higher asphalt binder replacement (%ABR) than the other RAS mixes.  
Swamy et al. (2011) used the complex modulus test to evaluate different mixes with RAP 
from 0% up to 40% mixed with PG 64-28 asphalt binder. The dynamic modulus test was completed 
at 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10, and 20 Hz and at temperatures of 30°C (86°F), 20°C (68°F), 10°C 
(50°F), 0°C (32°F), and -10°C (14°F). Results showed that the dynamic modulus increased with 
increasing RAP percentages as an indication of the aged asphalt binder presence in the RAP 
materials. 
Similar trends for the dynamic modulus results were also observed by Al-Qadi et al. (2012) 
who tested various mixes with different percentages of RAP (0%, 30%, 40%, and 50%) and three 
asphalt binder grades (PG64-22, PG58-22 and PG58-28). Samples were compacted using the 
Superpave gyratory compactor to a target air voids of 7.0±0.5%. The axial deformation of 50 
microstrains was used to load the specimens within the linear viscoelastic range. The test was 
conducted at various temperatures and frequencies as specified in the AASHTO TP 62. 
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Table 3. A Partial List of Rutting Tests on Mixes with RAP and RAS in the Literature 
Source Mix Characteristics Mix Volumetrics 
Test 
Parameters  Major Outcome 
Al-Qadi et 
al. 2012 
N90 mixes with 0%-50%RAP, 5% AC (PG64-22, 
PG58-28, PG58-22) 
19.0 mm NMAS 
VMA of 13.6%- 
13.7% 
WTT at 50°C 
(122°F), 20,000 
passes 
Decrease in rutting potential with 
increasing RAP 
Amirkhanian 
et al. 2007 
0-30% RAP with PG64-22 and 0-38% RAP with 
PG58-22. 9.5 mm NMAS  
LWT at 8000 
wheel passes and 
64°C (147.2°F) 
Rutting potential decreased with 
increasing RAP and rubber 
percentages 
Apeagyei et 
al. 2011 
Different mixes with two binder grades PG64-22 and 
PG70-22 (surface mixes, base mixes and SMA) with 
RAP from 0-25% 
9.5, 12.5 and 
25.0 mm NMAS 
used with 
different mixes 
with VMA 
ranges from 16-
22% 
Flow number test 
at 54°C (129.2°F) 
Rutting potential increased with 
increasing RAP up to 20%, this was 
related to the difference in the asphalt 
binder grade 
Cascione et 
al. (2010) 
 
N70 mixes with PG58-28 and 0-6% of RAS (ABR 
ranges from 0 to 20%) 12.5 mm NMAS Flow number test 
Rutting potential decreased with 
increasing RAP up to 20% 
N90 mixes were prepared with PG58-28 and 30% 
RAP (34% ABR), 5% MWSS (15% ABR), 5% TOSS 
(20% ABR)  
12.5 mm NMAS Flow number test Rutting potential decreased with increasing ABR in the mixes 
N80 mixes with polymer modified PG64-28 and 
blends of RAS and RAP. 0%RAS and 15% RAP 
(19.1% ABR) control mix, 5% fine RAS and 10% 
RAP (32% ABR) mix, and 5% coarse RAS blended 
with 10% RAP (32% ABR) 
12.5 mm NMAS Flow number test 
The mix with 15% RAP showed 
lower rutting potential compared to 
the other two mixes 
N100 mix with 0% RAS and 15% RAP (18% ABR) 
as a control mix, other mixes were prepared using 5% 
RAS (12.6% ABR) using HMA and WMA 
respectively 
12.5 mm NMAS Flow number test 
The mixes with RAS showed lower 
rutting potential compared to the 
RAP mix. No significant difference 
was obtained between HMA and 
WMA mixes. 
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An increase in the dynamic modulus values was observed with adding RAP as compared 
to the control mix; however, mixes with various RAP percentages showed similar complex 
modulus results. Mixes were also prepared using three various asphalt binder grades: PG64-22, 
PG58-22, and PG58-28. The mixes prepared with PG58-28 as double bumped binder grade from 
PG64-22 showed the lowest complex modulus values compared to the other two grades followed 
by the PG58-22 mix and then the PG64-22.  
In another study, McDaniel et al. (2012) performed complex modulus tests on mixes with 
various percentages of RAP ranging from 0% to 40% and two asphalt binder grades. Results 
showed that with an increase of RAP materials in the mix, the complex modulus and the stiffness 
of the asphalt mixtures increase as well. 
On the other hand, other studies showed contradicting results: Li et al. 2008 used the 
complex modulus test to evaluate mixtures with 20% RAP and 40% RAP, showing that the mixes 
that contain 20% RAP have a higher modulus than those with 40% RAP. The same trend was 
observed with Goh et al. (2011) when they used the complex modulus test in order to evaluate 
mixes with varying percentages of RAS (0%, 5% and 10%). Results showed that increasing RAS 
percentages significantly decreased the dynamic modulus values, indicating a decrease in stiffness 
with increasing RAS. However, it is important to note that the percentage of RAP or RSA added 
to the mixes was lower as compared to other studies.  
In general, a consistent trend was obtained in many studies to describe the effects of RAP 
and RAS on the modulus properties of asphalt mixtures. Most of the studies reported master curves 
obtained from the complex modulus tests (Li et al. 2008; Al-Qadi et al. 2012; Foxlow et al. 2011; 
and Swamy et al. 2011). However, there are also other parameters that can be used to evaluate the 
influence of RAP and RAS such as relaxation slope and phase angle (Swamy et al. 2011). Only a 
few studies reported these values. Table 4 summarizes the complex modulus test findings from 
studies. 
Thermal Cracking 
Li et al. (2008) used the SCB fracture energy test at -12 °C (10.4°F), -24 °C (-11.4°F) and 
-36 °C (-32.8°F) to evaluate asphalt mixtures thermal cracking potential with 0%, 20% and 40% 
RAP and two asphalt binder grades: PG58-28 and PG58-34. Results obtained from this study show 
that the fracture energy for the mixes with 0% and 20% RAP and PG 58-28 are similar at -24°C (-
11.4°F) and -36 °C (-32.8°F), while the mix with 40% RAP and PG58-28 showed lower fracture 
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energy at both temperatures. The mixes prepared with PG58-34 showed a decrease in the fracture 
energy values with the addition of RAP. Furthermore, the decrease in temperature from -12°C 
(10.4°F) to -24°C (-11.4°F) and -36°C (-32.8°F) was shown to significantly decrease the fracture 
energy of the asphalt mixtures.  
As part of the pooled fund study performed by Cascione et al. (2010), the SCB test was 
used to evaluate the mixes prepared for a site in Iowa; mixes prepared using 0%, 4%, 5% and 6% 
of RAS were evaluated. The SCB test was conducted at -12°C (10.4°F), -18°C (-0.4°F), - 24°C 
(11.2°F), and -28°C (-18.4°F). Fracture energy results at -12°C (10.4°F) were found to be higher 
than the results at lower temperatures, where no trend was observed between the fracture energy 
results for mixes with various RAS contents. In the same study, samples collected from Missouri 
containing 0% RAS with 15% RAP, 5% fine RAS with 10% RAP, and a mix of 5% coarse RAS 
with 10% RAP were evaluated using the SCB fracture energy test. The results showed that the mix 
with 0% RAS had the highest fracture energy among the mixes evaluated, while the mix with fine 
RAS had a higher fracture energy than the mix with coarse RAS.  
Furthermore, as part of the pooled fund study, several test sections were constructed using 
the experimental mixes with various amounts of RAS and RAP. In general, the field pavement 
evaluation obtained from this study showed that the mixes with coarse and fine RAS have the same 
amount of transverse cracking, which was also significantly higher than the mix with 0% RAS. 
McDaniel et al. (2012) used the indirect tensile strength (IDT) test to evaluate asphalt 
mixtures with PG64-22 and two percentages of RAP (25% and 40%) as well as mixtures with 
PG58-28 using RAP with percentages from 0% to 40%. The test was performed at various 
temperatures: -20 C (-4°F), -10°C (14°F), and 0°C (32°F). Mixes were also prepared by five 
different contractors in five states using the same RAP amounts and asphalt binder grades. In 
general, results from most of the contractors indicated that with increasing RAP, the stiffness and 
the strength of the asphalt mixtures increased, while the thermal cracking potential increased. The 
asphalt mixture’s critical low temperatures were estimated based on the stiffness and strength 
values obtained from the IDT test at different temperatures. Critical temperature (Tcritical) was 
estimated based on the concept that the stiff mix will not crack if its strength is great enough to 
resist the applied creep load, and that a weak material will not crack if it is not too stiff. Based on 
the estimated tensile stress built up in the pavement, Tcritical values were estimated for all the mixes.
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Table 4. A Summary of Modulus Testing on Mixes with RAP and RAS in the Literature 
Source Mix Characteristics Mix Volumetrics Test Parameters  Major Outcome 
Foxlow et al. 2011 
RAP only mix, normal ground 
shingles, shingles +50 mesh and -50 
mesh PG64-22 with %ABR from 12-
14% 
12.5 mm NMAS, 15.8%, 
17.2%, 16.1% and 16.6% 
VMA  
Temperature: (-20, -10, 0, 
10, and 20)°C (-4, 14, 32, 
50)°F Frequency: 0.1 to 25 
Hz 
 
Increase in complex 
modulus as the %ABR 
increases 
Swamy et al. 2011 
Eight mixes using  PG64-28 with 
RAP from two sources (4 mixes each 
source), AC 5%-6%, with ABR 
ranges from 8% to 40% 
12.5 mm NMAS with VMA 
from 15%-17% 
Testing Temperatures ( -10, 
0, 10, 20, 30) °C (14, 32, 50, 
68, 86)°F  
Distinct increase in 
complex modulus with 
increasing RAP 
percentages 
Al-Qadi et al. 2012 
N90 mixes with 0-50% RAP, 5% 
AC. PG64-22, PG58-28, PG58-22 
19.0 mm NMAS with VMA 
of 13.6%-13.7% 
Testing Temperatures (-10, 
4, 21, 37, and 54) °C (14, 
39.2, 69.8, 98.6, 129.2)°F 
Increase in complex 
modulus with adding 
RAP. Similar E* with 
different RAP percentages 
and increase in E*results 
with higher binder grade 
Li et al. 2008 
 
PG 58-28 and PG58-34 were used 
with various mixes and 0%, 20% and 
40% RAP with AC ranges from 5%-
6% 
9.5 mm NMAS  Testing Temperatures (-20, -
10, 4, 21, 37.8) °C (-4, 14, 
39.2, 69.8, 100)°F  
Mixes with 20% shows 
higher dynamic modulus 
than mixes with 40% RAP 
PG 58-28 and PG58-34 were used 
with various mixes and 0%, 20% and 
40% RAP with AC ranges from 5%-
6% 
9.5 mm NMAS  Testing Temperatures (-20, -
10, 4, 21, 37.8) °C (-4, 14, 
39.2, 69.8, 100)°F 
Mixes with 20% shows 
higher dynamic modulus 
than mixes with 40% RAP 
Goh et al. 2011 
Three mixes were evaluated with 0%, 
5.0% and 10% RAS, with 5.75% AC 
and %ABR of 31% and 62% 
9.5 mm NMAS  Testing Temperatures (-5, 
21.3, and 39.2) °C (23, 70, 
103)°F 
Mixes with 0% was 
higher than the other 
mixes with RAS 
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Generally, Tcritical values were shown to increase with increasing RAP for most of the 
contractors, while for some mixes different trends were obtained. Lowering the asphalt binder 
grade was beneficial for decreasing the thermal cracking potential. 
Behnia et al. (2011) investigated the effect of using RAS at various percentages using the 
acoustic emissions test (AE), the disk-compact tension, and the indirect tensile test (IDT). Behnia 
and his co-workers tested various asphalt mixtures prepared with 10, 20, 30, 40, and 50% of RAP 
mixed with two asphalt binder grades: PG64-22 and PG58-28. Results obtained from the AE test 
showed that the mixes with higher RAP amounts have higher (warmer) embrittlement temperature 
(TEMB) as an indication of the lower thermal cracking resistance for these mixes. Results obtained 
from the DCT test also showed the same trend of the fracture energy decreasing as the amount of 
RAP increased from 0% and up to 50% with the PG58-28 binder while when using the PG64-22 
grade; no significant differences in fracture energy were seen between different mixes. Table 5 
summarizes some of the literature findings on the evaluation of potential thermal cracking 
resistance with the use of RAS and RAP. 
Fatigue Testing 
Cascione et al. (2010) used the four-point bending beam test to evaluate mixes with 0, 4, 
5, and 6% of RAS mixed with PG64-28 asphalt binder to be used as an overlay in Iowa. Results 
showed that the mixes prepared with 0% RAS had the lowest fatigue life among the other mixes 
and the lowest number of cycles to failure. The increasing RAS percentage resulted in increasing 
fatigue life up to 5% RAS, as the mix prepared with 6% RAP again showed a slight increase in 
fatigue life as compared to the mixture prepared with 5% RAS. 
McDaniel et al. (2011) used the push pull test to evaluate the fatigue resistance of asphalt 
mixtures with 0, 15, 25, and 40% RAP mixed with PG64-22 and PG58-28 asphalt binder grades. 
The test was conducted at 21°C (69.8°F) and 28°C (82.4°F) and strain rates of 100, 200 and 400 
microstrains. Results showed that the fatigue life increased as temperature increased. At the lowest 
temperatures, fatigue life was similar for all six mixtures regardless of the RAP content or the 
asphalt binder grade. The mixes prepared with PG58-28 asphalt binder have higher fatigue life 
than the other mixes with PG64-22 at lower strain levels. This effect was more pronounced at 25% 
RAP than at 40% RAP. At higher strains there was little to no difference in fatigue life for the 40% 
RAP mixes. In some of mixes with 40% RAP, the PG64-22 mix showed higher fatigue resistance 
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than the PG58-28 mix. For the PG64-22 mixes, the 40% RAP exhibited higher fatigue resistance 
in every set of tests except one. 
Al-Qadi et al. (2012) used the four-point bending beam test to determine the fatigue life of 
asphalt mixtures with RAP. The test was conducted on a strain limits of 300 to 1000 microstrains 
and at 20°C (68°F). 
The failure criterion was the traditional 50% reduction in initial stiffness; the initial 
stiffness was obtained at the 50th load cycle. PG 64-22, PG58-22 and PG58-28 were mixed with 
RAP at percentages of 0, 30, 40, and 50%. In general, fatigue life improved with the addition of 
RAP. Single grade bumping was found to provide the greatest fatigue life benefit while double 
grade showed less benefit in the fatigue life.  
Tabaković, et. al (2010) used the indirect tensile fatigue test to find the relationship 
between maximum tensile strain and fatigue life. 20 mm (3/4 in) surface course mix was mixed 
with 10, 20, and 30% RAP. In general, fatigue life improved with increasing levels of RAP. Using 
the beam fatigue test led to similar findings about fatigue behavior at RAP contents from 0% up 
to 20% but an improved fatigue behavior at 30% RAP was observed. 
Xiao et al. (2013) used the beam fatigue test to evaluate fatigue life of 9.5 mm NMAS 
asphalt mixtures using PG64-22 and PG52-28 asphalt binder grades. PG64-22 mix was blended 
with 0, 15, 25, and 30% RAP while the PG52-28 mix was only blended with 30% RAP. The failure 
criteria used was at 50% loss in the initial stiffness. The test was conducted 5°C (41°F) and 20°C 
(68°F). Results showed no obvious trend in the initial stiffness values of the mixtures with higher 
RAP contents compared to the mixtures with lower RAP contents. However, the mixtures 
containing PG52-28 exhibited the lowest stiffness values during the test. Table 6 summarizes some 
of the literature findings of the fatigue resistance of asphalt mixtures with RAS and RAP.  
2.3 PHYSICAL AND CHEMICAL PROPERTIES OF RAS AND RAP 
The impact of RAS and RAP on the mixture performance was discussed in the previous 
section. In order to understand the mechanisms of blending of recycled and virgin materials, it is 
also important to determine the mechanical and rheological properties of the components of RAS 
and RAP. Therefore, some researchers evaluated the effect of using RAS and RAP by performing 
tests on the extracted asphalt binder from RAS and RAP and through asphalt binder grading.
19 
 
  
Table 5. A Summary of Fracture Testing on Mixes with RAP and RAS in the Literature 
 
Source Mix Characteristics Mix Volumetrics Test Parameters  Major Outcome 
Li et al. 2008 
Mixes with PG58-28 and PG58-34 
using 0, 20 and 40% RAP from 
different sources. 
12.5 mm  
NMAS  
SCB Fracture Energy Test 
at -12°C (10.4°F),  -24°C 
(-11.2°F), and -36 °C (-
32.8°F) 
Fracture energy decreased with increasing 
%RAP in the asphalt mixture 
Cascione et al. 
2010  
 
PG64-28 was used as with 0, 4, 5, and 
6% of RAS  
12.5 mm 
NMAS 
SCB Fracture Energy Test 
at -12°C (10.4°F) 
Fracture energy decreased with increasing 
%RAS in the asphalt mixture 
Mixes with PG58-28 and with 5% 
MWSS, 5% TOSS, and 30% RAP 
(ABR of 19%, 26%, and 31.6%) 
12.5 mm  
NMAS 
SCB Fracture Energy Test 
at -12°C(10.4°F) 
No trend was observed in the fracture 
energy results between different mixes 
Mixes with PG64-28 and ABR levels  
19.1%, 30.2%, and 29.2% ABR 
12.5 mm  
NMAS 
SCB Fracture Energy Test 
at -12°C (10.4°F) 
Mixes with RAP and no RAS have higher 
fracture energy than RAS only mixes. 
Decrease in fracture energy when the 
coarse RAS increases 
Mixes prepared with PG70-22 with 
15% RAP (18% ABR), 3.0% RAS 
HMA as well as 3% RAS WMA (12.6% 
ABR) 
9.5 mm NMAS SCB Fracture Energy Test 
at -12°C (10.4°F) 
Mix with 15% RAP showed higher 
fracture energy value than the other RAS 
mixes. HMA and WMA were similar 
Marasteanu 
and Austin 
2012 
Mixes were prepared with 15% and 
25% RAP. Other mixes were also 
prepared with different RAS amounts 
N/A Creep and Relaxation Test 
Increasing RAP or RAS increased the 
creep stiffness of the asphalt mixture and 
reduces the relaxation rate  
McDaniel et 
al. 2012 
Mixes with PG64-22 and PG58-28 with 
0% and 40% RAP 
9.5 mm  
NMAS 
IDT test at -20 °C (-4°F), -
10°C (14°F), and 0 °C 
(32°F) 
Generally, strength and stiffness increase 
with increasing RAP. Tcritical increased with 
increasing RAP and/or with lower binder 
grades.  
Behnia et al. 
2011 
Mixes with two binder grades PG64-22 
and PG58-28 with 0 and 50% RAP N/A 
DC(T) at -12 °C (10.4°F), 
IDT at -20°C (-4°F), -10 
°C (14°F), and 0 °C 
(32°F) and the AE from 0 
°C (32°F) to -50 °C (-
58°F)  
Fracture energy decreases with increasing 
RAP with when using PG58-28. No 
significant differences in fracture energy 
PG58-28. The AE test showed an increase 
in the embrittlement temperature with 
increasing RAP. 
20 
 
  
Table 6. A Summary of Fatigue Testing on Mixes with RAP and RAS in the Literature 
Source Mix Characteristics Mix Volumetrics Test Parameters  Major Outcome 
 McDaniel et al. 2011 PG64-22 and PG58-28 mixes 
containing 0, 15, 25, and 40% RAP 9.5 mm NMAS  
Push-pull fatigue 21 
(69.8°F) and 28°C 
(82.4°F)  
100-400 microstrains 
Fatigue life improved with 
addition of RAP. The mix with 
PG64-22 and 40% RAP showed 
the highest fatigue life among 
the mixes 
Al-Qadi et al. 2012 
PG 64-22, PG58-22 and PG58-28 
mixes containing 0, 30, 40 and 50% 
RAP 
19 mm  NMAS 
Beam fatigue at 20°C 
(68°F) 
300-1000 microstrains  
Fatigue life improved with the 
addition of RAP and with a 
single bump in the asphalt 
binder grade  
Tabaković et al. 2010 70/100 pen bitumen mixed with 10, 20 and 30% RAP  
20 mm surface 
course  
Beam fatigue at 20°C 
(68°F) 
Fatigue life improved with 
increasing RAP amounts 
Xiao et al. 2013 PG 64-22 and PG58-28 mixes with 0, 15, 25 and 30% RAP 9.5 mm NMAS 
Beam fatigue 5°C 
(41°F) and 20°C 
(68°F) 
No obvious trend was observed  
Williams et al. 2011 PG58-22, N50 mixes with different FRAP and RAS 
9.5 mm NMAS 
surface mixes, 19 
mm NMNAS Base 
Mixes 
Beam Fatigue Test 
20°C (82°F), 100 to 
250 microstrains 
No obvious trend was observed 
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Other studies investigated mastic characteristics and used back-calculation techniques to 
predict the asphalt mixtures properties (Swiertz et. al. 2010; Swiertz et al. 2011). The chemical 
and physical properties of RAS, such as particle size distribution, particle shape, as well as 
molecular weight were also evaluated (Amirkhanian et al. 2007; Yang 2010).  
This section addresses some of the available asphalt binder and mastic tests that can be 
used for further evaluation of RAS and RAP to assess the mechanical and rheological attributes of 
recycled materials. 
2.3.1 Asphalt Binder Grading 
As the asphalt binder in the RAS and RAP materials is already aged and stiffer than the 
virgin asphalt binder, changes in the low and high temperature grades is expected to happen when 
mixing these materials with virgin asphalt binder. The blended asphalt binder grade has been 
studied by several researchers. Several methods can be used to estimate or measure the blended 
asphalt binder grade. 
The first is the traditional method done by extracting the asphalt binder using the extraction 
and recovery method AASHTO T 170 and measuring the blended asphalt binder grade using the 
Superpave Dynamic Shear Rheometer (DSR) and the Superpave Bending Beam Rheometer 
(BBR). 
Blending charts were developed for RAP and RAS in order to estimate the optimal virgin 
asphalt binder grade to be used in the mix in order to obtain the desired blended asphalt binder 
properties (McDaniel 2001). The following section provided a brief description of the Superpave 
DSR and BBR as well as the Superpave binder grading criteria for low and high temperatures for 
the mixes with RAP and RAS. 
The Superpave Dynamic Shear Rheometer (DSR) ASTM D 7175-05/AASHTO T 315 
The Dynamic Shear Rheometer (DSR) is used to characterize the viscous and elastic 
behavior of asphalt binder at high and intermediate temperatures. The DSR measures the complex 
shear modulus (G*) and the phase angle ( δ ) at the desired (service high or intermediate) 
temperature and frequency of loading. The G* can be considered to be the sample total resistance 
to deformation when repeatedly sheared, while the time lag between the applied shear stress and 
the resulting strain represents the phase angle  (δ) The phase angle for asphalt materials varies 
between 0° (purely elastic material) and 90° (purely viscous materials). 
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G* and δ are used as predictors of pavement rutting at high service temperatures (in the 
early service life) and fatigue cracking at intermediate service temperatures (in the late pavement 
life as the asphalt ages). In order for the asphalt to resist rutting, the binder should be stiff enough 
at high service temperatures; therefore, the complex shear modulus elastic portion should be high 
enough that the value of the parameter G*/sin δ should be greater than 1.00 kPa for the un-aged 
asphalt binder and greater than 2.2 kPa for the rolling thin film oven (RTFO) short-term aged 
asphalt binder. The other parameter that can be obtained from the DSR binder testing is the fatigue 
parameter G*sinδ. To resist fatigue cracking, binder must be able to dissipate energy by 
rebounding and not cracking; on the other hand, the binder should also not be too stiff. Therefore, 
the G*Sinδ or the viscous portion of the G* should be minimized, as it should not be greater than 
5000 kPa for the pressure aging vessel (PAV) aged asphalt binder.  
The Bending Beam Rheometer (BBR) ASTM D 6648-01 
The BBR test is a test used to evaluate the asphalt binder’s low temperature cracking 
resistance through measuring the stiffness and relaxation properties of asphalt binders at low 
temperatures. The BBR test uses a small beam that is simply supported while a transient creep load 
can be applied in the bending mode. The deflection resulted from the applied load (about 100-gm 
of load) is then measured against time. The BBR test is conducted on a PAV aged asphalt binder 
as the thermal cracking is a phenomenon that is mostly found in older or aged pavements. 
The asphalt binder creep stiffness master curve, which is a measure of thermal stresses in 
the pavement, can be calculated from the BBR test as follows: 
 =  + 
 + log 
(1) 
 
 =

4ℎ
  (2) 
 
where; 
S(t) is the asphalt binder stiffness at a specific time. 
P is the applied constant load 
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L is the distance between two supports 
h is the beam thickness 
δ is the deflection at a specific time 
A, B, and C are empirically determined constants 
The slope of this curve at t=60sec represents the m-value which is a measure of the asphalt 
binder relaxation potential. For the Superpave specifications, as for the asphalt binder to pass, the 
creep stiffness should not be more than 300 MPa at 60 sec, and the asphalt binder m-value should 
not be less than 0.3. 
According to the Superpave PG standards, this test must be conducted at the low 
temperature grade of the binder +10, for example for an asphalt binder of PG 64-22 grade,  the test 
must be performed at -12 °C (10.4°F) temperature.  
The Superpave asphalt binder grading is based on the tests performed as described on the 
BBR and the DSR, while each asphalt binder grade should conform to the Superpave specification 
at a specific low, intermediate and high temperatures which specify the asphalt binder grade used.  
The Superpave criteria for asphalt binder critical low, intermediate and high temperatures 
are presented in Table 7. 
Table 7. Superpave Criteria for Determining Critical Temperatures 
 
The Blending Charts 
Blending charts were developed by (McDaniel 2011) for mixes with RAP. The first method 
is used to estimate the virgin asphalt binder grade to be used with a known RAP percentage and 
thus, determining the virgin asphalt binder grade to be used as shown in equation 3 below. 
( )RAP
TRAPTT RAPBlendVirgin %1
)(%
−
×−
=
 (3) 
where, 
Critical Temperature Criteria Sample
un-aged
RTFO aged
Intermediate Pavement Temperature RTFO aged
   S=300 MPa RTFO aged
   m = 0.300 RTFO aged
High Pavement Temperature
Low Pavement Temperature
 ∗/ ! = 1.0 kPa
 ∗/ ! = 2.2 kPa
 ∗  ! = 5000 kPa
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TVirgin = critical temperature of the virgin asphalt binder; 
TBlend = critical temperature of the blended asphalt binder (final desired); 
%RAP = percentage of RAP expressed as a decimal (i.e., 0.30 for 30 percent); and 
TRAP = critical temperature of recovered RAP binder. 
Blending charts shown in Figure 3-4 can be also used instead of equation 3. 
 
Figure 3. High temperature blending chart  with known %RAP ( after McDaniel 2001) 
The second method is used to determine the maximum %RAP to be used with a known 
virgin asphalt binder grade without changing the asphalt binder grade: 
 
VirginRAP
VirginBlend
TT
TT
RAP
−
−
=%
 
(4) 
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Figure 4. Intermediate temperature blending chart with RAP percentage unknown ( after 
McDaniel 2001) 
In addition to the RAP blending charts, RAS and blends of RAS and RAP blending charts 
were developed. Two approaches of RAS blending charts can be used. The first approach is to 
estimate the critical temperature from a binder master curve developed using a combination both 
BBR and DSR asphalt binder testing, where a rheological model is used to fit the data and then 
the model can be used to compute critical temperatures. The second approach is to measure the 
required properties of the blended asphalt binder (virgin and RAS), as the properties of the virgin 
binder are known; a linear relationship can be applied as a blending chart and the RAS binder can 
be extrapolated. Figure 5 shows the estimated critical m-value temperature for RAS asphalt binder. 
The procedure for developing RAS blending charts starts with the estimation of the high 
critical temperature grade of the RAS asphalt binder (after RTFO short-term conditioning) using 
the following equation: 
"#$ = "#% +
100("#)!* + "#%
%$	-.-	 !*)/	0)*	 !	)	)!*
 
(5) 
where, 
TH (RAS) is extrapolated high temperature grade of the RAS asphalt binder in °C; 
26 
 
  
TH (blend) is high temperature continuous grade of the blend of recovered RAS and virgin 
binder °C; and  
TH(V) is high temperature continuous grade of the virgin binder 
 
 
Figure 5. Estimating critical m-value temperature for RAS binder using 50/50 blend (after 
Bonaquist 2011) 
The second step of the RAS blending charts procedure is the estimation of the intermediate 
temperature of the RAS asphalt binder after PAV long-term aging. The following equation is used 
to extrapolate the intermediate temperature of the RAS binder: 
"1$ = "1% +
100(2"1)!* − "1%3
%$	-.-	 !*)/	0)*	 !	)	)!*
 
(6) 
 
where, 
TI (RAS) is extrapolated intermediate temperature grade of the RAS asphalt binder in °C 
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TI (blend) is intermediate temperature continuous grade of the blend of recovered RAS and 
virgin asphalt binder °C 
TI (V) is intermediate temperature continuous grade if the virgin asphalt binder in °C 
 
The third step is the estimation of the critical low temperature of the RAS asphalt binder 
where the stiffness equals a BBR stiffness value of 300 MPa. The following equation is used to 
extrapolate the low temperature grade of the RAS asphalt binder for stiffness. 
"$ = "4 +
100(")!* − "4
%$	-.-	 !*)/	0)*	 !	)	)!*
 
(7) 
where, 
TLS (RAS) is extrapolated temperature grade of the RAS asphalt binder based on  
stiffness in °C; 
TLS (blend) is low temperature continuous grade of the blend of recovered RAS and  
virgin binder based on stiffness in °C; and 
TLS(V) is low temperature continuous grade of the virgin binder based on stiffness in °C 
 
The fourth and last step is the estimation of the critical low temperature of the RAS 
asphalt binder based on the BBR m-value = 0.300. The following equation can be used to 
extrapolate this value. 
"5$ = "5% +
[100("5)!* − "5%
%$-.-	-.-	 !*)/	 !	)	)!*
 
(8) 
 
where,  
TLM (RAS) is critical low temperature continuous grade of the RAS asphalt binder based 
on the BBR m-vale in °C; 
TLM (blend) is vertical low temperature continuous grade of the blend of recovered RAS 
and virgin asphalt binder based on BBR m-value in °C; 
TLM (V) is low temperature continuous grade of the virgin asphalt binder based on the 
BBR m-value in °C 
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The determination of the low temperature continuous grade is chosen as the higher value 
among both the low temperature obtained from the stiffness and the m-value. 
As the blended asphalt binder grade with RAS or RAP can be measured through the 
extraction and recovery process, other researchers have been looking into possibilities for 
estimating the blended asphalt binder grade and the RAP asphalt binder grade without extraction 
and recovery and using micro-mechanical models. The blended or RAS asphalt binder properties 
can be estimated using back-calculation techniques using micro-mechanical models (Buttlar 2005; 
Elseifi et al. 2012; Bennert and Dongre 2010). 
Several analytical and empirical micro-mechanical models that can be used for such purpose 
including the following: 
• Paul’s rule of mixture 
• Hashin and Shtrikman Arbitrary Phase Model 
• Hashin’s Composite Sphere Model 
• Christensen and Lo Generalized Self Consistent Scheme Model 
• Mori-Tanaka Model 
• Hirsch Model  
2.3.2 Other Binder and Mastic Tests 
In addition to the basic asphalt binder testing using the Superpave DSR and BBR, 
researchers developed several other tests using these two devices. This section presents some 
reported tests used for asphalt binder and mastic characterization.  
Modified BBR Test  
The Superpave BBR test was used with minor modifications on fresh binder and fresh 
binder mixed with RAP materials as RAP mortar. This procedure was developed to estimate the 
low-temperature fracture properties of the binder in the RAP materials. The blended binder grade 
was also estimated using back-calculation techniques.  
The procedure developed by Ma et al. (2010) was used to estimate RAP asphalt binder 
properties from mortar samples without extraction and recovery. The basic assumption for this 
procedure is that if the mortar samples prepared with the same gradation and same percent volume 
of RAP aggregate are used, the properties and the differences between the tested samples will 
depend solely on the asphalt binder properties. By fixing the virgin asphalt binder amount, the 
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properties will depend solely on the RAP asphalt binder. The developed testing procedure went 
through several stages to select the testing parameters such as RAP gradation to be used in the 
mortar samples, testing load as well as asphalt binder content. The asphalt binder properties were 
estimated based on the tested asphalt mortar properties using the following formula: 
6 = α × logSb + β (9) 
where α and β are parameters calculated from percent volumes of binder and aggregate in the 
mortar, respectively, while Sm  and Sb  are the stiffness of the mortar and the binder, 
respectively. 
Two RAP sources were selected and mixed with two different binder grades (PG64-22) 
and (PG58-22). Selected RAP materials (SRAP) passing sieve #8 were used to prepare the mortar 
samples. Samples were prepared using BBR molds with dimensions of 12.7 mm (1/2 in) 
(thickness) x 9.35 mm (3/8 in) (height) (Teflon tape to cover the side bars of the mold and screws 
to fasten the sides of the mold are used and shown in Figure 6. 
 
(a)                                                              (b) 
Figure 6. Modified BBR Mold: (a) Teflon tape to cover the side bar (b) assembled mold 
with screws (after Ma et al. 2010) 
Testing parameters such as the fresh binder content, testing load, testing temperature, and 
mortar preparation heating time were identified and verified to obtain good and reasonable results.  
 A testing temperature for RTFO and PAV aged asphalt binders were set to be 0°C (32αF. 
A 20% aged asphalt binder was selected to be used in the blended mixes. 
In another attempt, by Swiertz and his co-workers (2011), the modified BBR procedure 
was used to test samples with RAP and RAS. RAP and RAS blending charts were developed and 
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the modified BBR procedure was extended to study the asphalt binder fracture properties using 
RAS and RAP. 
The results obtained were used to develop blending charts as shown in Figure 7 below. The 
values of S and m (at 60 sec) of the RAP aged asphalt binder can be calculated from the 100% 
SRAP extrapolated from the linear trend in Figure 7. 
 
(a)                                                            (b) 
The same procedure was used to prepare the samples: two mortar samples—RRAP mortar, 
SRAP—and one fresh binder sample. RRAP mortar contains burned RAP aggregate and RTFO-
aged fresh asphalt binder, while the SRAP contains sieved RAP materials passing sieve No. 50 
and retained on sieve No. 100 mixed with fresh asphalt binder. Total binder content and gradation 
of the RAP aggregate are the same for both samples, which makes the difference in the stiffness 
between the RRAP and SRAP related to the aged asphalt binder in the SRAP mortar. 
Three types of mortar were prepared (contain RAS and RAP as well as blends of RAP-
RAS) with two different binder grades, PG64-22 and PG50-28. The use of RAP resulted in two 
asphalt binder replacement (%ABR) levels: 15% and 25%. BBR molds were also used to prepare 
the samples, while a notch was created for purpose of single edge notched beam test (SENB). The 
notch was about 3 mm (0.118 in) in depth (20% of the depth). It was shown that stiffness curves 
are shifted in the vertical direction to reflecting the effect of RAP binder as shown in Figure 8. 
The asphalt binder was tested at two PG temperature grades in order to obtain the binder 
continuous grading as shown in Figure 8-9. The limiting parameter value is applied to find the 
corresponding asphalt binder continuous grade. Figure 8 illustrates the concept of asphalt binder 
Figure 7. Blending charts for blended binder properties of PAV-aged passing sieve #8 
RAP (SRAP) mortar (a) stiffness (b) m-value (after Ma et al. 2010) 
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stiffness, although an analogous procedure is used for determining the m-value limiting parameter. 
The effect of RAP was assumed to be a shifting in the stiffness or m-value curve as shown in 
Figure 8, while the only difference between SRAP and RRAP mortars is the RAP aged binder. 
The shift is applied by multiplying the shift factor by the fresh binder stiffness. Asphalt binder 
grade obtained by extraction and recovery was compared to the grade obtained from this method 
in order to confirm the accuracy of using this procedure as well. Figure 9 shows the linear 
relationship, which was obtained from the predicted blended binder continuous grade and the fresh 
asphalt binder continuous grade; the relationship between PG temperature change and the percent 
of RAP asphalt binder was obtained and extended to form the extrapolation range which was 
assumed to follow the same trend as the estimated range.  
 
Figure 8. Shifting of the stiffness curves with the addition of RAP binder (after Swiertz et al. 
2011) 
                        
Figure 9. Percent RAP asphalt binder low temperature continuous grade relationship (after 
Swiertz et al. 2011) 
Low temperature grade results obtained by testing the three cases of mortar samples were 
also estimated. Blended asphalt binder continuous grade for all of the three cases were found to be 
consistent with the measured ones from the artificial RAP binder + fresh binder blended 
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continuous grade, with no more than 0.6 °C (33°F) difference. The SENB testing protocol 
developed by Velasquezet al. (2011) was used for estimating the low temperature fracture 
properties for the RAP and RAS mortar samples. The critical stress intensity factor KIC, the 
fracture energy and the load displacement at fracture were evaluated. 
The procedure also included sensitivity to different RAP sources as well as different binder 
grades with the use of the same RAP source. The sensitivity analysis showed that different RAP 
sources have different effects on the same binder grade; on the other hand, using same RAP source 
with different binder grades were also proved to have different effects as well. 
Fracture and Fatigue Cracking Resistance of Asphalt Mixtures and Binders with Rigid 
Particles Inclusions (Motamed et al. 2012) 
Motamed et al. (2012) used the DSR at intermediate temperatures to evaluate the inherent 
fatigue cracking resistance of asphalt binders in the form of a matrix with rigid particle inclusions. 
Glass beads were mixed with PG58-34 asphalt binder using four modifiers in order to evaluate the 
effect of the various modifiers on the asphalt binder fatigue and fracture properties. The modified 
binders were mixed with glass beads that were prepared with three different sizes in order to create 
a gradation that closely follows the maximum density line on a 0.45 power chart. The optimum 
asphalt binder content was estimated by trial and used as 10% by weight of the glass beads. The 
class beads were used in different sizes as (0.1 mm, 0.5 mm, and 1 mm) (0.004, 0.019, and 0.04 
in) while they mixed with the binder after heating at a temperature of 150°C (302°F). Cylindrical 
molds were used to compact the samples manually with 25 drops at one layer. The size of the 
samples obtained was 50 mm (1.96 in) out of the 75 mm (2.95 in) mold with an inside diameter of 
12.5 mm (1/2 in). An average air voids of 15%±1 was obtained from this procedure. The 
compaction mold assembly used in this study is illustrated in Figure 10. Compacted specimens 
were attached to metal caps and glued from top and bottom in order to be tested using the DSR or 
the dynamic mechanical analyzer (DMA) as shown in Figure 11.  
The test was conducted by applying either a monotonically increasing shear stress or cyclic 
loading with constant shear stress or strain amplitude. Figure 12 below shows a typical 
measurement of fatigue life when cyclic load is applied.  
Results obtained from this test indicated that the test is sensitive to the differences between 
various modifiers for the same asphalt binder grade using the glass beads. As results indicated, the 
fatigue cracking resistance of the four modifiers with same binder grades is different from each 
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other. Results also showed a correlation between the results obtained from the glass beads test and 
the asphalt mixture testing for these modified binders. However, results were not compatible 
between the asphalt mixture and glass bead mixture results in terms of the number of cycles to 
failure. 
 
Figure 10. Compaction mold assembly (after Motamed et al. 2012) 
 
Figure 11. Specimen attached to the top and bottom metal caps (after Motamed et al. 
2012) 
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Figure 12. Mortar specimen with glass bead used in the DSR (Left), Typical loss in G* or 
damage as a function of number of load cycles to failure (after Motamed et al. 2012) 
 
The DMA was also used by Howson et al. (2009)  to investigate moisture damage 
resistance of fine aggregate cylindrical matrix specimens cored from a gyratory compacted sample. 
Samples were cored and prepared for sizes range from 10-25 mm (0.4 – 0.98 in) diameter, and 40-
100 mm (1.6 – 3.9 in) in height as shown in   
 . Specimens were tested using the DMA at a strain rate of 0.0065% which was found to 
be within the linear viscoelastic range for these samples.  
Furthermore, specimens were also tested at 0.2% strain rate in order to assess the nonlinear 
viscoelactic properties. The fatigue life of the samples was obtained and analyzed from this test in 
terms of the number of cycles to failure.   
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Figure 13. DMA sample cutting and coring, and steel top and bottom caps gluing (after 
Howson et al. 2009) 
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CHAPTER 3: MATERIALS AND SAMPLE PREPARATION 
This chapter will summarize the materials used in this study and specimen preparation 
procedures. The gradation of the mixes prepared will be presented along with the volumetric 
results of the compacted samples.  In addition, mastic specimen preparation protocols are also 
introduced in this chapter.  
3.1 MATERIALS AND SAMPLE PREPARATION OF ASPHALT MIXTURES 
Loose plant samples and field cores of two asphalt binder grades and different percentages 
of RAS were used in this study. The mixture is a N30 at 2.0% design air voids. PG58-28 asphalt 
binder was used with 7.5% RAS and 37.5% FRAP, and PG46-34 asphalt binder was used with 
2.5%, 5.0%, and 7.5% RAS with different percentages of FRAP. The details of the mix designs 
for the mixes produced in the plant are provided in APPENDIX A.  
The source of RAS used in this study was TOSS with approximately 25% residual asphalt 
binder content, 40.0% sand, and 7%–10% cellulose fibers by weight of RAS. The total asphalt 
binder content of these mixes was approximately 6.3% AC, while the amount of the virgin asphalt 
binder was only 2.2%. Total asphalt binder replacement value with RAS and RAP asphalt binder 
was about 64% of the total asphalt binder content. Table 8 shows the RAP gradation and the RAS 
washed gradation after extraction. The gradation data from dry shake analysis for RAS was not 
available to the researchers.  
According to the mix design followed for each mix, different asphalt binder replacement 
levels were obtained. RAS content was changed from 2.5% to 7.5% in the asphalt mix, while total 
asphalt binder content was fixed. Table 9 shows the percentages of RAP and RAS in each mix and 
the corresponding asphalt binder replacement level. As shown in the table, the asphalt binder 
replacement level for the mix with 7.5% RAS can be as high as 64%.  
 
 
Note: This part of the Chapter (3.1) contains some previously published material, co-authors acknowledged: Dr. Hasan 
Ozer, Prof. Imad Al-Qadi, and Mr. David L. Lippert. (Ozer et al. 2012, Ozer et al. 2013 )
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Table 8. RAP and RAS gradation determined after washed gradation 
 
Sieve Size 
IDOT RAS 
Specifications1 
% Passing 
(RAS) 
% Passing 
(Coarse RAP) 
% Passing 
(Fine RAP) 
1″(25.0mm)  100.0 100.0 100.0 
3/4″(19.0mm)  100.0 100.0 100.0 
1/2″(12.5mm)  100.0 100.0 100.0 
3/8″(9.5mm) 100.0 98.6 100.0 100.0 
No.4 (4.75mm) 93.0 94.0 59.0 92.2 
No.8 (2.36mm)  90.0 38.4 95.5 
No.16 (1.18mm)  73.0 28.8 48.5 
No.30 (600μm)  53.0 22.8 36.4 
No.50 (300μm)  43.0 15.6 23.7 
No.100 (150μm)  36.0 9.6 14.3 
No.200 (75μm)  28.0 6.8 10.2 
AC (%)  26.0 4.7 6.4 
1 Based on dry shake. 
Table 9. Asphalt Binder Replacement Levels for Each Mix Used in the Study 
 
Coarse RAP 
(% by weight 
in mix) 
Fine RAP 
(% by weight 
in mix) 
RAS 
(% by weight 
in mix) 
Asphalt Binder 
Replacement1 
(%) 
2.5% RAS 20.0 17.5 2.5 43 
5.0% RAS 20.0 15.0 5.0 51 
7.5% RAS 20.0 12.5 7.5 64 
1
 Asphalt Binder Replacement = Recycled Asphalt Binder (RAP and RAS)
Total Asphalt Binder Content
∗ 100 
The loose mixtures were provided by the Illinois Department of Transportation (IDOT) in 
buckets of about 20–30 kg (45-65 lbs) each. Each bucket was split and reduced to the weight of 
the samples required for testing according to Illinois Modified AASHTO R47-08 standards for 
reducing samples of HMA. The Superpave Gyratory Compactor (GPC) was used to prepare 
cylindrical samples with a diameter of 150.0 mm (5.9 in) according to Illinois Modified AASHTO 
T312-09. The height of the compacted samples was selected depending on the test they were 
prepared for: a height of 130.0 mm (5.1 in) was used for the Wheel Track Test samples, while a 
height of 180.0 mm (7.0 in) was used to prepare samples for other tests.
38 
 
  
Samples were compacted at a compaction temperature of 146°C (295°F). A target percent 
of air voids was selected as 6.0 ± 1.0%. Target density for most of the specimens was achieved 
within three to five gyrations. It is important to note that the volumetrics of these mixes is not 
typical of conventional IDOT mixes. Field cores were also obtained and were processed to 
fabricate fracture and wheel track tests specimens.  
Samples for the Hamburg Wheel Track Test were prepared from 130 mm (5.1 in) gyratory 
compacted samples, as samples were compacted and cut in halfs to obtain each pair of the WTT 
samples. For the complex modulus test, samples were prepared and cut from a 180.0 mm (7.0 in) 
laboratory-compacted specimens to a standard sample size of 150.0 mm (5.9 in) height and a 
diameter of 101.6 mm (4.0 in), in accordance with AASHTO TP62-03 standards. 
 The SCB test specimens were also cut and prepared from the 180.0 mm (7.0 in) gyratory-
compacted specimens. Each 180.0 mm (7.0 in) sample produced four semi-circles: two slices each 
at 50.0 mm (2.0 in) thick from the middle part of the specimen, as illustrated in Figure 14. Density 
measurements were conducted for each sample (semi-circle) separately 
 
Figure 14. SCB slices cut from 180 mm (7.0 in) gyratory-compacted  
specimen; side view of the lab-compacted sample 
The DCT test specimens were also prepared from the 180 mm (7.0 in) gyratory-compacted 
specimens. Each 180 mm (7.0 in) specimen produces two DCT samples from the middle part of 
the 180 mm (7.0 in) sample, as illustrated in Figure 15. 
Due to limited amount of materials, samples previously prepared for the dynamic modulus 
test were also used for the push-pull fatigue test, while the Texas Overlay Tester samples were 
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prepared and tested at the Texas Transportation Institute. Figure 16-20 to shows the number of 
samples prepared for each test, along with the air voids as well as the number of gyrations. 
 
Figure 15 Slices cut from 180 mm (7.0 in) gyratory-compacted specimen for  
DCT testing; side view of the lab-compacted sample 
 
Figure 16. Air void distribution of all samples prepared for complex modulus  
testing along with number of gyrations required to achieve target density 
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Figure 17. Distribution of air voids and number of gyrations for wheel track test (WTT) samples  
 
 
Figure 18. Distribution of air voids and number of gyrations for SCB specimens tested at –12°C 
(10.4 ͦF) 
 
41 
 
  
 
Figure 19. Distribution of air voids and number of gyrations for DCT test specimens 
 
 
Figure 20. Air void distribution of specimens tested with the overlay tester 
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3.2 MATERIALS AND SAMPLE PREPARATION OF FINE ASPHALT MIXTURES  
For the fine asphalt mixture testing, three mixes were prepared with the use of PG46-34 
asphalt binder grade, and two mixes were prepared with the use of PG64-22 asphalt binder grade. 
Mixes with PG46-34 were prepared with 0.0%, 2.5% and 7.1% RAS, respectively; while mixes 
with the PG64-22 asphalt binder grade were prepared with 0% RAS and 7.1 % RAS, respectively. 
Both binders were considered in order to examine the effect of changing the asphalt binder grade 
with the use of recycled materials and in order to examine the sensitivity of the DSR mixture 
testing for the different binder grades. All the mixes were prepared with the same aggregate 
gradation and type, FM-20, as shown in Table 10. The only difference between the mixes is related 
to changing the RAS contents. Table 11 illustrates the amounts of the fine aggregates, RAS and 
virgin asphalt binder used for each mix as well as the %ABR for each.  
Gyratory compacted samples were prepared from each mix. Samples were mixed and 
compacted at a temperature of 155°C (311°F), the aggregates were placed in the oven overnight 
while the asphalt binder was heated about two hours before mixing; however, RAS materials were 
placed in the oven only 30 min before mixing in order to avoid extra aging of RAS materials and 
in order to simulate the RAS plant mixing procedure.  
Samples were short term aged in the oven before compaction and the compaction was 
controlled in a constant number of gyrations of 150 for all the mixes, this number was chosen in 
order to obtain a reasonable densely compacted mix with low air voids content. The mixture 
samples for DSR testing were then cored from the gyratory compacted samples to the desired 
12.45 mm (0.492 in) diameter and 50-60 mm (1.9–2.36 in) length. Samples were then glued from 
the top and the bottom to special circular steel caps in order to fix them in the DSR mix fixture, 
the DSR mix fixture was used to align the caps on the samples and glue them together. Figure 21 
and 22 illustrate the fine mixture samples preparation and coring  
Three specimens were selected from each gyratory compacted sample in order to measure 
the air voids content.  For most of the mixes, the air void content was found to be in the range of 
8-10% as shown in Table 12. Furthermore, the air void content was checked theoretically based 
on the weight of the material on the gyratory compacted sample and the volume of the sample after 
compaction. Whereas the bulk specific gravity was calculated (weight/volume) and a small 
correction factor was assumed (1.01*Gmb) in order to compensate for the surface voids. The air 
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void content can then be calculated (1-Gmb/Gmm). Theoretical estimates of the air void content was 
found to be in the range of 11-13%. (The Gmm values were measured for each mix based on 
AASHTO T 209 Standards and were all within the range of (2.5 – 2.53)). 
Table 10. FM-20 aggregates and RAS gradation used in the mastic samples 
Sieve Size % Passing (FM-20) % Passing (RAS) 
1″(25.0mm) 100 100 
3/4″(19.0mm) 100 100 
1/2″(12.5mm) 100 100 
3/8″(9.5mm) 100 98.6 
No.4 (4.75mm) 99.7 94 
No.8 (2.36mm) 81 90 
No.16 (1.18mm) 49.4 73 
No.30 (600μm) 31 53 
No.50 (300μm) 17.4 43 
No.100 (150μm) 10.3 36 
No.200 (75μm) 5.6 28 
%AC 
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Table 11. Mastic Asphalt Components (by percent volume) 
  
FM-20 
Aggregates 
(% by 
weight in 
Mix)  
RAS (% 
by 
weight 
in Mix) 
Virgin 
Asphalt 
binder 
(% by 
weight in 
Mix 
Total %AC 
(Virgin+RAS) 
Asphalt Binder 
Replacement1 
(%) 
Virgin Mix 94.33 0 5.67 5.67 0 
LRAS Mix 92.5 2.47 5.03 5.67 11.32 
HRAS Mix 88.9 7.11 3.99 5.84 31.66 
1 Asphalt Binder Replacement = Recycled Asphalt Binder (RAP and RAS)
Total Asphalt Binder Content ∗ 100 
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Table 12. Measured and Theoretical Air voids Content 
FAM 
Average air voids in 
FAM specimen 
(measured) 
Average air void content in the 
compacted specimen prior to 
coring (theoretical)  
0.0% RAS (PG46-34) 7.91 11.80 
2.5% RAS (PG46-34) 9.22 11.80 
7.1% RAS (PG46-34) 9.47 11.80 
0.0% RAS (PG64-22) 9.69 12.10 
7.1% RAS (PG64-22) 9.80 13.00 
 
 
Figure 21. Cutting and Coring of the Fine Asphalt Mixture Samples 
 
Figure 22. Fine Asphalt Mixture Specimens after Coring 
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CHAPTER 4: EXPERIMENTAL PROGRAM 
 
The experimental program followed in the testing of asphalt mixtures and fine asphalt 
mixtures is described in this chapter. First part of the chapter introduces the performance tests 
conducted on the plant produced and lab compacted asphalt mixture specimens. The second part 
of the chapter introduces the test setup used for fine asphalt mixtures. 
4.1 EXPERIMENTAL PROGRAM PERFORMED ON ASPHALT MIXTURES 
The following testing suite was followed to evaluate the effect of RAS on fracture, rutting, 
and fatigue performance of the mixes obtained in this study. A summary of the test matrix is also 
presented in Table 13. 
The Hamburg wheel track test (WTT) (Illinois Modified AASHTO T340) was used to evaluate 
the mixtures’ resistance to rutting or permanent deformation.  
The semi-circular bending beam (SCB) and disc compact tension (DC(T)) tests (ASTM D7313) 
were used to evaluate low-temperature cracking resistance of the mixtures. 
The complex modulus test (AASHTO TP62-03) was conducted to evaluate stiffness increase in 
mixes with RAP and RAS at different temperatures and loading speeds. 
The push-pull fatigue test was conducted to measure damage evolution in the mixes at intermediate 
temperatures. 
The Texas Transportation Institute (TTI) Overlay Test was used to evaluate the mixtures’ 
resistance to reflective cracking at intermediate temperatures. 
Complex Modulus Testing 
Complex modulus (E*) defines the relationship between stress and strain for a linear viscoelastic 
material under sinusoidal loading. Complex modulus is one of the material characterization Inputs 
 
Note: This part of the Chapter (4.1) contains some previously published material, co-authors acknowledged: Dr. Hasan 
Ozer, Prof. Imad Al-Qadi, and Mr. David L. Lippert. (Ozer et al. 2012, Ozer et al. 2013 )  
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that can be used in the Mechanistic Empirical Pavement Design Guide (MEPDG) to model 
pavement performances.  E* also gives an indication of the materials stiffness at different 
temperatures. E* master curves can be obtained from the E* results by applying the principle of 
time temperature superposition for viscoelastic materials. 
In this study the tests were performed for each mix in a temperature-controlled chamber at 
(–10°C (14 °F), 4°C (39 ͦ F), 21°C (70 °F), and 37°C (99 °F)) and at loading frequencies of 25, 10, 
5, 1, 0.5, and 0.1Hz according to the test protocol AASHTO TP62-03. The tests were conducted 
using a controlled stress mode with a specified strain limit of 50 microstrains in order to ensure 
that the material was within the linear viscoelastic limit. Higher testing temperatures were not 
considered as some specimens were shown to exceed the linear viscoelastic limit at a temperature 
of 54 °C (129.2°F). Figure 23 shows the E* test set up and specimen. 
Table 13. Test Matrix Used to Evaluate the Effect of RAS on Fracture, Rutting, and Modulus 
Properties of an Asphalt Mixture 
Sample source Sample Identification Test Procedure 
Loose Plant 
PG58-28 and 7.5% RAS/ 
37.5% FRAP 
Hamburg, SCB, overlay test, dynamic 
modulus, and push-pull fatigue test 
PG46-34 and 7.5% RAS/ 
37.5% FRAP 
Hamburg, SCB, DCT, overlay test, 
dynamic modulus, and Push-Pull 
Fatigue Test 
PG46-34 and 5.0% RAS/ 
35% FRAP 
Hamburg, SCB, DCT, overlay test, 
dynamic modulus, and push-pull 
fatigue test 
PG46-34 and 2.5% RAS/ 
32.5% FRAP 
Hamburg, SCB, overlay test, dynamic 
modulus, and push-pull fatigue test 
Field Cores 
PG58-28 and PG46-34 and 
7.5% RAS/ 37.5% FRAP 
Hamburg and SCB 
PG46-34 and 7.5% RAS/ 
37.5% FRAP 
Hamburg and SCB 
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Figure 23. Complex modulus testing fixture and setup 
 
Hamburg Wheel Track Testing 
The Hamburg wheel track test (WTT) is a test used to measure the rutting and moisture 
susceptibility of asphalt mixtures. The WTT device is an electrically powered machine capable of 
moving a 203.2 mm (8.0 in) diameter, 47.0 mm (1.85 in) wide steel wheel over a test specimen. 
The wheel load is 705.0 ± 4.5 N (158.0 ± 1.0 lb). The wheel passes about 52 ± 2 passes per min 
across the specimen at a speed of about 0.305 m/sec (1 ft/sec).  
Rutting is defined as the depth caused by movement of the WTT wheels after a specific 
number of passes. The WTT system records the displacement on 11 locations on the specimen at 
each wheel pass. Rutting curves can be produced using the data exported from the WTT system to 
characterize the increase in the specimen’s rut depth with the increase in the number of passes 
while running the test. According to IDOT’s recent revisions on the Hamburg wheel tracking test 
criteria, the number of passes is related to specified asphalt binder grade shown on the plans. With 
higher recycled materials (ABR over 20%), bumping in the grade of asphalt binder is necessary, 
which would result in PG58-28 or PG46-34 when the original grade is PG64-22. Corresponding 
rut depth requirement in Hamburg test is 7,500 passes for the mixes specified with PG64-22 or 
5,000 passes for mixes specified with PG 58-28. In this study Available field cores from mixes 
with PG46-34 and PG58-28, both with 7.5% RAS, were also tested using the WTT. The specimens 
were tested by the WTT in a bathwater at a temperature of 50°C (122°F) according to AASHTO 
T324-11 standards. Tests were continued to complete 20,000 wheel passes for all the mixtures. 
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Test results with higher rut depths indicates that the mix has less rutting resistance while lower rut 
depths suggests that the mix has a better rutting resistance, Figure 24 shows the mold assembly to 
insert two specimens of 62.5 mm (2.46 in) height. Two molds containing four specimens at 62.5 
mm (2.46 in) height are required to run the WTT. Plaster gypsum was used to fix the specimens 
on the molds. Figure 25 shows the WTT configuration.  
 
 
Figure 24. Mold assembly for wheel track testing 
 
Figure 25. Wheel track test assembly with samples submerged at in water at 50°C (122 °F) 
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Fracture Testing 
Three fracture tests were performed in this study to evaluate the mixtures’ fracture 
properties. The SCB tests were performed for each mixture and for the available field cores at  
–12°C (10.4°F) and at 0°C (32.0°F). Two of the lab-compacted samples (the mixes with PG 46-
34 and 5.0% RAS/ 35% FRAP and PG 46-34 and 7.5% RAS/ 37.5% FRAP) were tested using the 
DCT at –12°C (10.4°F). In addition, the TTI overlay test was used to characterize the reflective 
cracking resistance of the lab-compacted samples at 25°C (77°F). A summary of each test follows.  
Semi Circular Bending Beam (SCB) 
The SCB test is used to determine the fracture energy and fracture toughness of the asphalt 
mixtures at low temperatures. Fracture energy is defined as the area under the load-displacement 
curve as shown in Figure 26. Displacements are represented by recording the crack mouth opening 
displacement (CMOD) using a clip-gage extensometer. The test is a strain-controlled test while 
the load is applied along the vertical diameter of the specimen to ensure a CMOD opening of about 
0.70 mm/min (0.028 in/min) and to ensure stable crack growth conditions during the test. Fracture 
energy representations can be used to evaluate a mixture’s resistance to pavement cracking and 
thermal cracking at lower pavement temperatures.  Higher values of fracture energy indicate that 
the mix has increased resistance to thermal cracking at lower temperatures. 
In this study, SCB tests were conducted at –12°C (10.4°F) and 0°C (32.0°F) on lab-
compacted samples and field cores. The available field cores from the mix with PG 46-34 and 
7.5% RAS/ 37.5% FRAP and the mix with PG 58-28 and 7.5% RAS/ 37.5% FRAP mix were also 
tested. In addition, one-year aged field cores from pavement sections constructed with mixes with 
PG 46-34 5.0% RAS/ 35% FRAP and 7.5% RAS/ 37.5% FRAP and the mix with PG 58-28 and 
7.5% RAS/ 37.5% FRAP were obtained for additional fracture testing. Figure 27 shows the SCB 
test fixture and testing chamber.  
Disk-Shaped Compact Tension Test (DC(T)) 
The DC(T) test is used to measure and evaluate fracture energy and fracture properties of 
a disk-shaped asphalt concrete specimen. The DC(T) specimen is a circular specimen with a single 
edge notch that is loaded in tension to measure the load required to propagate the crack through 
the length of the specimen (ASTM D7313-07a) 
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Figure 26. Load-CMOD curve (fracture energy calculations) 
 
 
Figure 27. Semi-circular bending beam (SCB) test fixture 
Similar to the SCB test procedure, fracture energy can be obtained by calculating the area 
under load and the CMOD curve recorded during the test. The DCT test is a strain controlled as 
the tension load is applied to ensure the specified CMOD opening throughout the specimen and to 
ensure stable crack growth throughout the specimen as well. In this study, the DCT test was 
conducted on the mixes with PG 46-34 and 5.0% RAS/ 35% FRAP and 7.5% RAS/ 37.5% FRAP. 
Density measurements were separately conducted on each disc-shaped specimen. Figure 28 shows 
the DCT test specimen and setup and fixture. 
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         Figure 28. DCT test specimen and fixture 
Fatigue Testing 
Texas Transportation Institute (TTI) Overlay Test  
The TTI overlay test is a fatigue test that measures the reflective cracking resistance of 
asphalt pavements with the repeated application of cyclic displacements. The TTI overlay tester 
was designed by Robert Lytton and his co-workers in the late 1970s to simulate the opening and 
closing of joints or cracks, which are the main force inducing reflective crack initiation and 
propagation (Zhou 2005). To simulate the force caused by opening and closing of the joint on the 
TTI overlay tester, the specimen is fixed at the top of two steel plates, with one steel plate fixed 
and the other one moving at 0.1 Hz cyclic loading in order to apply the load from the bottom of 
the specimen. The TTI overlay test is performed at 25°C (77°F), with an opening displacement of 
0.635 mm (0.025 in). Figure 29 and 30 illustrate the test fixtures and how the specimens are 
attached to the steel plates. In this study, overlay tests were performed for the lab-compacted 
specimens at the Texas Department of Transportation. Test samples were compacted at target air 
voids of 5.0%.  
Push-Pull Fatigue Test 
The push-pull test is a fatigue test used to determine the continuum damage characteristics 
of the HMA. The test was developed by Richard Kim and his co-workers to characterize damage 
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in asphalt concrete specimens using a simple uniaxial test and continuum damage theories (Kim 
et al. 2008; Kim 2009). 
 
Figure 29. Two steel plates simulate the opening and closing of joints or cracks in old pavements 
beneath an overlay (after Zhou 2005) 
 
Figure 30. Specimen fixing on the steel plates of the TTI overlay tester (after Zhou 2005) 
Damage characteristic curve parameters can be measured by applying controlled and 
repeated cyclic tension and compression loading to a cylindrical asphalt concrete specimen until 
failure. The damage characteristic curve is defined as the relationship between the damage 
parameter (S) and the pseudo secant modulus (C). The damage (S) is the internal state variable 
that qualifies microstructural changes in the asphalt concrete mixture, and the pseudo secant 
modulus (C) is the secant modulus in stress pseudo strain space. The damage characteristic curve 
can be used to analyze the fatigue characteristics of an asphalt concrete mixture. It can also be used 
in combination with additional pavement response models to predict fatigue behavior of asphalt 
concrete mixtures.  
Due to limited resources, specimens in this study that had been previously prepared for 
complex modulus testing were also used for the push-pull fatigue test. The tests were performed 
for each mix at 20°C (68°F) and at 15°C (59°F) (for limited specimens) with a specified maximum 
strain limit of 250 microstrains and 150 microstrains, respectively, and a maximum of 100,000 
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cycles at a frequency of 10 Hz. The test was also performed for all the mixes at 20°C (68°F) and 
a maximum limit of 350 microstrains. Figure 31 shows the push-pull test setup. The specimens 
were glued to the top and bottom plates using a Devcon 10110 type glue.  
 
Figure 31. An illustration of the push-pull test fixture and specimen glued to  
top and bottom plates 
4.2 EXPERIMENTAL PROGRAM PERFORMED ON FINE ASPHALT MIXTURES 
 
Mixture Testing Using the Dynamic Shear Rheometer (DSR) 
This test was performed using the DSR with a modified testing fixture allows testing solid 
or mixture samples. The DSR applies a shear stress on a sample fixed between the two DSR 
parallel plates. This can be applied on different frequencies and different loading modes and rates. 
This setup can be used to obtain the complex shear modulus of the viscoelastic material by 
applying the shear stress and measuring the resulting strains within the linear viscoelastic range of 
the tested material. 
In this study, the DSR was used to measure the complex shear modulus of various fine 
asphalt mixture samples prepared with and without RAS. Two asphalt binder grades were used, 
PG64-22 and PG46-34 binders mixed with FM-20 virgin fine aggregates. 12.45 mm (0.49 in) 
diameter cylindrical samples were prepared and glued with special steel caps to the top and the 
bottom of each specimen in order to fix the specimens at the DMA fixture. Figure 32 shows the 
DMA fixture and the 12.45 mm (0.49 in) diameter fine asphalt mixture sample. 
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In order to perform linear viscoelastic characterization, samples were tested in order to 
ensure testing within the linear viscoelastic range of the material. Most of the samples were shown 
to have their linear viscoelastic range at a strain of about 0.005%. The frequency sweep test was 
then performed at different frequencies range from 0.1 Hz to 10 Hz and at different temperatures 
(22°C (71.6°F), 28°C (82.4°F), 34°C (93.2°F), 46°C (114.8°F) and 54°C (129.2°F)). In addition, 
after the frequency sweep test, the same specimens were used to test for yield and limited fatigue 
testing.  
The yield test was performed until 4% strain was reached at a 46°C (114.8°F) temperature; 
the samples were conditioned for 30 min before running any of these tests at each temperature. 
Limited stress and strain controlled tests were conducted. The fatigue test was initially performed 
on a strain control mode (low cycle fatigue) at 0.15% strain rate; however, only two mixes were 
tested with this testing modes due to limitations related to the torque capacity of the DSR. In order 
to test the other mixes with higher RAS amounts (expected to be stiffer), a stress controlled fatigue 
test (high cycle fatigue) was performed on the mixes with PG46-34.  
 
Figure 32. DSR mix testing fixture and cylindrical fine asphalt mixture sample 
12.45 mm 
(0.49 in) 
diameter 
50 – 60 mm 
(1.97 – 2.36 
in) length 
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CHAPTER 5: RESULTS AND ANALYSIS OF MIXTURE TESTING 
5.1 Complex Modulus Test Results 
Complex modulus were measured and evaluated for the available mixtures with varying 
percentages of FRAP and RAS at different frequencies and at different temperatures. Table 14 
shows the test matrix of the complex modulus tests performed in this study. Tests were not 
performed at 54°C (129.2°F) due to strains exceeding the limits of displacement gages for some 
of the mixes. The results obtained during the temperature and frequency sweep tests were used to 
develop master curves, as shown in Figure 33. A reference temperature of 21°C (69.8°F) was 
established. The results clearly indicate the influence of FRAP and RAS on the complex modulus 
results at high temperature and slow loading speeds (low reduced frequencies). The increase in 
complex modulus with increasing FRAPS and RAS contents can be explained by the stiff and aged 
FRAP and RAS asphalt binder that replaced the virgin asphalt binder. The effect of reduction on 
the high temperature grade (bumping from PG 58-28 to PG 46-34) on complex modulus at this 
range of temperature and loading speed is also evident. Softer virgin asphalt binder resulted in 
smaller complex modulus values. On the other hand, low temperature or high loading speed 
response of FRAP/ RAS with mixes is not distinguishable.  
Table 14. Complex Modulus Test Matrix 
Test  
Temperature (°C) Test Frequency (Hz) Mixes 
–10 0.1, 0.5, 1, 5, 10, 25 
PG46-34 and 2.5%RAS 
PG46-34 and 5.0%RAS 
PG46-34 and 7.5%RAS 
PG58-28 and 7.5%RAS 
4 0.1, 0.5, 1, 5, 10, 25 
21 0.1, 0.5, 1, 5, 10, 25 
38 0.1, 0.5, 1, 5, 10, 25 
 
Since the mixes investigated in the study had extreme asphalt binder replacement values 
at such a low N-design, it is important to compare the modulus to other conventional mixtures 
with and without recycled materials. 
 
Note: This Chapter (5) contains some previously published material, co-authors acknowledged: Dr. Hasan Ozer, Prof. 
Imad Al-Qadi, and Mr. David L. Lippert. (Ozer et al. 2012, Ozer et al. 2013 ) 
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The mixes with FRAP/ RAS were compared to some of the mixes developed in two 
previous IDOT projects (Al-Qadi et al. 2012; Al-Qadi et al. 2013). Figure 34 illustrates the 
comparison of complex modulus results to those mixes. The mixes are 9.5-mm (3/8 in) F-mix 
(with PG70-22), 12.5-mm (1/2 in) SMA (with PG 76-22), and mixes with 30% and 50% RAP 
(with PG 58-22 and PG 58-28, respectively). The F-mix and SMA mixes are known to be durable 
surface mixes with N90 design. Because of the aggregate skeleton design for these mixes (F-mix 
and SMA), complex moduli at low temperature and/or high loading speeds are much greater than 
those mixes with RAS, which are N30 design. However, the effect of FRAP/ RAS is apparent at 
high temperature/low loading speeds (increased modulus). The presence of FRAP/ RAS, even 
when using a much softer asphalt binder than used in the SMA and F-mix, increased the complex 
modulus considerably. 
 
Figure 33. Master curves derived from complex modulus test results for mixes  
with varying percentages of RAS 
There are some unique features of master curves that can explain viscoelastic material 
response. One of these parameters is the slope of master curves, which indicates how well the 
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material can relax stresses. The slope of each curve presented in Figure 33 is calculated and 
illustrated in Figure 35. According to the results, the mix with PG58-28 and 7.5% RAS and 37.5% 
FRAP has the smallest slope; hence, the smallest relaxation potential. On the other hand, the 
specimen with 2.5% RAS and 32.5% FRAP and PG 46-34 has the highest slope, indicating the 
greatest relaxation potential. The correlation between the slopes and fatigue tests is discussed in 
the following sections. The slope of some conventional mixes is also shown in the figure. 
Specifying the range of the optimal slope of the master curve for a mix to have a good 
rutting resistance and thermal cracking resistance is beyond the scope of this study. However, this 
study points out the importance of mixes’ relaxation potential. Further research is needed to 
investigate this with a wide range of mixes. 
 
Figure 34. Complex modulus results for mixes with 7.5% RAS, compared  
to other conventional mixes  
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Figure 35. Slope of master curves for each mix indicating relaxation properties  
5.2  Hamburg Wheel Track Test Results 
The wheel track tests were performed in this study on the available RAS mixes and field 
cores. Table 15 shows the test matrix, along with maximum deflection values at the end of 20,000 
cycles.  
Table 15. WTT Matrix, Volumetric Details, and Final Deflection 
 
Specimen ID Average Air Voids 
Number of 
gyrations 
Final 
deflection 
(mm) 
Lab 
Compacted 
PG 58-28 7.5% RAS 5.9 5 3.8 
PG 46-34 7.5% RAS 5.9 3 5.1 
PG 46-34 5.0% RAS 5.0 3 5.9 
PG 46-34 2.5% RAS 4.5 5 12.8 
Field Cores 
PG 58-28 7.5% RAS 1.8 NA 3.5 
PG 46-34 7.5% RAS 1.8 NA 7.4 
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Figure 36 illustrates the effects of the RAS on each mix. According to the results, the mixes 
with increasing RAS percentage exhibited smaller permanent deformations. It can be concluded 
that the presence of aged asphalt binder improves rutting resistance for the mixture. The effect of 
the stiffer asphalt binder grade is also clear, as the mix with PG58-28 experienced the lowest 
deformation mix among all mixes. It is also important that all of the mixes passed the IDOT criteria 
for mixes with PG58-28 and lower grade asphalt binder (12.5 mm (0.49 in) at 5,000 or 7,500 passes 
depends on the final blended asphalt binder grade after replacing part of the virgin asphalt binder 
using RAS and FRAP). A comparison of field cores and lab-compacted specimens was also made, 
Figure 37 compares the test results obtained from these specimens. It is observed that the results 
for field cores and lab-compacted specimens are generally in agreement, even though field cores 
have considerably higher density, as shown in Table 15.  
 
Figure 36. WTT results for the laboratory-compacted samples 
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Figure 37. A comparison of wheel track test results for field  
cores and lab-compacted specimens  
5.3 Fracture Testing 
The SCB and DCT fracture tests were performed on the available mixes with RAS and 
field cores obtained shortly after construction and one year after construction. Fracture tests were 
conducted at two temperatures (0°C (32°F) and –12°C (10.4°F)). Fracture energy was calculated 
using crack mouth opening displacement and load results.  
Figure 38 shows the SCB fracture energy results for lab-compacted specimens and for the 
field cores at –12°C (10.4°F). As indicated by the error bars in the figure, the results obtained from 
the lab-compacted specimens can be considered statistically insignificant. However, the following 
trends can be observed from the results presented in this figure. Both field cores (cores obtained 
shortly after construction and one year after construction) have higher fracture energy than that of 
lab-compacted specimens. The effect of RAS content was not evident in fracture energy values; 
however, the effect of asphalt binder bumping (from PG58-28 to PG46-34) on fracture energy is 
evident. The presence of PG46-34 brings an increase in fracture energy, indicating a potential to 
negate the effects of aged and stiff asphalt binder in the mixes. 
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Fracture tests conducted for lab-compacted specimens and field cores at 0°C (32°F) are 
shown in Figure 39. An increase in fracture energy is expected for fracture tests at increasing 
temperatures. The results obtained at 0°C (32°F) indicate an increase in fracture energy values for 
all of the mix types. It is evident from Figure 39 that fracture energy of field cores is significantly 
higher than that of lab-compacted mixes. This can be attributed to the effect of in-place air voids 
of field cores (1%–2%, compared to 5%–6%, as shown in Figure 18), which is manifested at 
elevated temperatures. The results also show an increase in fracture energy for mixes with 2.5% 
RAS, compared to the other lab-compacted mixes.  
Laboratory-compacted mixes with 5.0% RAS/ 35% FRAP and 7.5% RAS/ 37.5% FRAP 
were tested using SCB and DCT at –12°C (10.4°F) as shown in Figure 40. The differences between 
SCB and DCT tests are expected. It is important to note a similar indifference in fracture energy 
of mixes with 5.0% RAS/ 35% FRAP and 7.5% RAS/ 37.5% FRAP for the two types of fracture 
tests. There are some differences between the DCT and SCB tests that would result in differences 
in measured fracture energies. The SCB test has a relatively small crack span and complex stress 
state, however, specimens are easy to produce and test is simple and may not require any special 
fixtures. On the other hand, the DCT has a relatively longer crack span, loading is perpendicular 
to crack, however, stress concatenation in the loading holes and deviation from mode I crack may 
cause a concern. The main reported disadvantage of the DCT test geometry is the crack deviation 
(deviation from mode I crack path). The results from both tests are usually different, but consistent 
difference, due to variation in testing parameters, including crack propagation ligament length and 
loading rate.  Figure 41 shows a comparison of SCB at -12°C (10.4°F) for the mixes with RAS 
and some other conventional mixes used in previous projects (Al-Qadi et al. 2012; Al-Qadi et al. 
2013). This allows checking the behavior of the RAS mixes compared to that of other conventional 
mixes.    
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Figure 38. Fracture (SCB) test results of lab-compacted specimens and field cores at –12°C 
(10.4°F)  
5.4 Fatigue Testing 
TTI Overlay Test Results  
The TTI overlay tests were conducted for the lab-compacted mixes at Texas Department 
of Transportation facilities. Figure 42 illustrates the average number of cycles to failure for each 
tested mix and initial starting load. Cyclic displacements with 0.635 mm (0.025 in) amplitude 
and 10 Hz frequency were applied. Overlay test results show a significant difference between 
mixes with 2.5% RAS/ 32.5% FRAP and other mixes with a higher RAS percentage and asphalt 
binder replacement. 
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Figure 39. Fracture (SCB) test results of lab-compacted specimens and field cores at 0°C (32°F) 
 
Figure 40. A comparison of fracture tests using SCB and DCT test method  
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Figure 41. Fracture (SCB) test results of lab-prepared specimens and field cores compared to 
other standard mixes at –12°C (10.4°F)  
The mixes with 2.5% RAS/ 32.5% FRAP were able to tolerate significantly more cycles 
than the other mixes. It is also important to note the increase in the initial applied loads, which can 
be attributed to the increase in stiffness of the mixes with increasing RAS percentage. This increase 
is also consistent with the complex modulus results shown in Figure 33. 
Push-Pull Test Results 
The push-pull tests were performed on lab-compacted specimens at different temperatures 
and microstrain levels. The tests were performed in a displacement-controlled mode with a target 
specimen strains. Table 16 shows the push-pull test matrix and conditions applied for each 
specimen. Test parameters were varied in order to obtain characteristic damage curves for each 
mix.  
Figure 43 through 45 illustrate modulus degradation with application of each displacement 
cycle during the push-pull test at each testing condition. Modulus degradation is calculated by 
normalizing the value of modulus measured at each cycle by the initial modulus obtained. Modulus 
degradation curves indicate the rate of damage evolution (formation of microcracks and permanent 
deformation) until the specimen fully fails. The results at 15°C (59°F) (Figure 43) show that 
complete failure was achieved only for mixes with 7.5% RAS and 37.5% FRAP with PG58-28. 
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The specimens with PG46-34 survived until the termination cycle (100,000) without noticeable 
damage. It is important to note that the specimen with 2.5% RAS was unusable due to glue failure 
during the test. Therefore, no push-pull test results were reported for that mix. When temperature 
and microstrain levels were increased, most of the specimens exhibited complete failure (Figure 
44 and 45). As shown in Figure 44, the specimens with 5.0% RAS/ 35% FRAP and higher and 
with PG46-34 and PG58-28 reached complete failure around 50,000 cycles. Two important 
observations can be made. The performances of 2.5% RAS with PG46-34 and 7.5% RAS with 
PG58-28. Similar to the results obtained at 150 microstrain and 15°C (59°F), the specimen with 
PG58-28 reached failure at a much faster rate than all other specimens. On the other hand, the 
specimen with PG 46-34 and 2.5% RAS and 32.5% FRAP performed the best at this temperature 
and microstrain level.  
Lastly, microstrain levels were increased to 350 at 20°C (68°F); the results are shown in 
Figure 45. Under this test condition, all of the specimens failed before approximately 25,000 
cycles, but the specimen with 2.5% RAS/ 32.5% FRAP provides the least modulus degradation. 
Another way to assess push-pull results can be done by defining the 50% reduction in 
complex modulus failure criteria that is recommended for flexural fatigue testing (AASHTO TP8-
64). The number of cycles to reach 50% reduction modulus is captured from the results presented 
in Figure 43 to 45. The results are shown in Figure 46 to 48. Based on the results presented from 
the push-pull test results, the following observations can be made: 
 2.5% RAS with PG46-34 required the higher number of cycles to reach 50% 
modulus reduction. 
 The specimens with PG58-28 showed the worst performance. This can be 
considered a validation of the importance of double-double bumping, especially for 
mixes with high asphalt binder replacement. However, it is important to note that 
the specimens prepared for the mixes with PG58-28 were limited to one replicate 
due to limited availability of loose mixes. It is crucially important to repeat these 
tests with additional replicates. 
 There is not much difference between the specimens with 5.0% and 7.5% RAS.  
66 
 
  
 
Figure 42. Overlay test results illustrating average number of cycles to failure  
and initial starting load  
 
Table 16. Push-Pull Test Matrix 
Sample ID Number 
Air 
Voids 
# 
Gyrations 
Microstrain 
limit 
Temperature 
(°C) 
2.5% RAS  
PG 46-34 
1 5.1 4 250 20 
2 4.7 4 350 20 
3 4.5 4 350 20 
5.0% RAS  
PG 46-34 
1 5.9 3 150 15 
2 3.0 5 250 20 
3 4.1 4 250 20 
4 2.8 5 350 20 
5 5.6 3 350 20 
7.5% RAS  
PG 46-34 
1 3.9 4 150 15 
2 5.1 4 250 20 
3 5.4 3 250 20 
1 5.8 3 350 20 
2 5.5 3 350 20 
7.5% RAS  
PG 58-28 
1 3.7 6 150 15 
1 4.9 4 250 20 
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Figure 43. Push-pull test modulus degradation at 150 microstrains and 15°C (59°F) test 
temperature  
 
Figure 44. Push-pull test modulus degradation at 250 microstrains and 20°C (68°F) test 
temperature 
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Figure 45. Push-pull test modulus degradation at 350 microstrains and 20°C (68°F) test 
temperature  
Fatigue test results (TTI overlay and push-pull) demonstrate the difference between the 
mixes with PG58-28 and PG46-34. In addition, it is observed that the mix with 2.5% RAS and 
PG46-34 (43% asphalt binder replacement) also has significantly different fatigue performance 
than the other mixes. A correlation can be made between the fatigue behavior and the slopes of 
master curves presented Figure 35. The steeper the slope, the higher the relaxation potential of 
mixes, which may improve the fatigue life. Figure 49 illustrates the correlation between the 
complex modulus slope and number of cycles to failure in push-pull and TTI overlay tests. These 
figures indicate a very strong relationship between the complex modulus slope and the number of 
cycles to failure from the push-pull test. 
                                      
Figure 46. Number of cycles to failure at 50% modulus degradation  
at 250 microstrain and 20°C (68°F) 
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Figure 47. Number of cycles to failure at 50% modulus degradation  
at 350 microstrain and 20°C (68°F) 
 
Figure 48. Number of cycles to failure at 50% modulus degradation  
at 150 microstrain and 15°C (59°F)  
   
Figure 49. Correlation between slope and number of cycles to failure in push-pull (left) and TTI 
overlay tests (right)  
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CHAPTER 6: RESULTS AND ANALYSIS OF FINE ASPHALT 
MIXTURE TESTING 
Three different tests were performed on the fine asphalt mixtures using the DSR. These 
tests include modulus, strength, and fatigue. A brief introduction to these tests is presented in 
Chapter 3. Therefore, the results from the tests performed on fine asphalt mixtures are presented 
here.  
6.1 Complex Shear Modulus 
The complex shear modulus test was performed on the fine asphalt mixture specimens at 
different frequencies ranging between 0.1 Hz and 10 Hz. Prior to running complex modulus tests, 
linear viscoelastic range of the mixtures were determined. Two specimens were selected from two 
different mixes and checked for linearity using a single frequency test of 0.1 Hz and at a 
temperature of 25°C (77°F). The linear viscoelastic range was found to be similar for the two 
mixes (in the range of 0.004% and 0.005% strains for mixes with PG46-34 and PG64-22, 
respectively).  However, the complex shear modulus was conducted on the fine mixture specimens 
at a strain rate of 0.01%, as the tests conducted at lower strain levels yielded erratic results 
especially at low temperatures. Figure 50 shows the linearity check for PG64-22 specimen with 
0.0% RAS, while Figure 51 shows the linearity check for PG46-34 specimen with 0.0% RAS. As 
shown in Figures 50 and 51, the red line represents the linear viscoelastic range, calculated based 
on the initial stress and strain readings on the sample, while the other line represents the results 
obtained from testing the specimen at different strains. It can be noticed that the linear range, where 
the two lines are on top of each other and that was at about 0.005% strain rate.  
Furthermore, some specimens were randomly selected and checked to see if there was any 
damage accumulated after the completion of the complex modulus test at 0.01% strain. After the 
frequency sweep test was performed, the same specimen was subjected to modulus testing at the 
intermediate temperature again. The results were compared with the initial results from the original 
test as shown in Figure 52 and 53 for two different cases. Results shows very little difference 
between two repetitions of testing (and even an increase in modulus), indicating that the linear 
viscoelastic range was maintained during the tests conducted at 0.01% strain.   
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Figure 50. Linear viscoelastic range for 0.0% RAS (PG64-22) at 25 °C (77°F) 
 
Figure 51. Linear viscoelastic range for 0.0% RAS (PG46-34) at 25 °C (77°F) 
 
Testing 
Strain 
Testing 
Strain 
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Figure 52. Damage check on mixes with PG46-34, and 0.0% RAS content at 28°C (82.4°F) 
 
Figure 53. Damage check on mixes with PG64-22, and 7.1% RAS content at 28°C (82.4°F) 
After the linearity check was performed on some selected specimens the complex shear 
modulus was performed at 0.01% strain at different frequencies and temperatures as shown in 
Table 17. The results obtained during the temperature and frequency sweep tests were used to 
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develop master curves, as shown in Figure 54. A reference temperature of 28°C (82.4°F) was used 
to build master curves. For most of the mixes, four replicates were used to build the mastercurves. 
A statistical analysis of the experimental results will also be discussed in this chapter. 
Table 17. Comlplex Shear Modulus Test Matrix on Fine Asphalt  Mixtures 
Test Temperature °C Test Frequency (Hz) Mixes 
-10 0.1 to 10 Hz 
PG46-34, 0.0% RAS 
PG46-34, 2.5% RAS 
PG46-34, 7.1% RAS 
PG64-22, 0.0% RAS 
PG64-22, 7.1% RAS 
4 0.1 to 10 Hz 
21 0.1 to 10 Hz 
28 0.1 to 10 Hz 
34 0.1 to 10 Hz 
46 0.1 to 10 Hz 
54 0.1 to 10 Hz 
64* 0.1 to 10 Hz 
                   *Performed for the PG64-22 Mixes Only 
 
Figure 54. Complex shear modulus mastercurves 
The results clearly indicate the influence of RAS on the complex modulus results at high 
temperature and slow loading speeds (low reduced frequencies). The mixes with RAS have a 
distinctively different relaxation time as compared to the virgin mixes. Generally, they start 
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relaxing much later than the virgin mixes and they continue relaxing while virgin mixes are near 
completion of their relaxation. The increase in complex modulus with increasing RAS content can 
be explained by the stiff and aged RAS asphalt binder that replaced the virgin asphalt binder. Also 
evidence is the effect of grade bumping from PG64-22 to PG46-34 on complex modulus at this 
temperature range and loading frequency. The use of PG46-34 asphalt binder grade resulted in 
lower complex modulus values as expected. The mix with PG46-34 and 7.1% RAS is comparable 
to the mix with PG64-22 and no RAS. On the other hand, the effect of RAS at low temperature or 
high loading frequency is also not distinguishable. The differences between mixes with varying 
percentages of RAS are not significant at low temperatures and high frequencies. This was also 
evident from the asphalt mixture testing performed in the first phase of this study. There is a good 
correlation between the results obtained from the complex shear modulus using the DSR and the 
results obtained from the complex modulus on the asphalt mixtures.  
The influence of using RAS can be also clearly obtained by looking at the phase angle 
response from the frequency sweep test as shown in Figure 55. The mix with PG64-22 and 7.1% 
RAS showed the lowest phase angle among the mixes as compared to the other mixes, while the 
mix with PG46-34 and 7.1% RAS had the lowest phase angle response among the mixes prepared 
with PG46-34. The highest phase angle response was seen in the mix with PG46-34 and 0.0% 
RAS; as expected, this was more evident especially when looking at the high temperature range 
and slow loading rate (low frequencies) as shown in Figure 55. It is also evident from the phase 
angle patterns that the mixes with RAS had not completed their relaxation in the range of testing 
temperatures and frequencies.  
Same unique features of the slope of the complex modulus master curve that can explain 
the viscoelastic material response can be obtained from the DSR mixture testing of the complex 
shear modulus. The mix with PG46-34 and 0.0% RAS has the highest slope among the mixes at 
different reduced frequencies as shown in Figure 56 to 58 indicating the highest relaxation 
potential as compared to the other mixes. The lowest slope was obtained from the mixture with 
PG64-22 and 7.1% RAS indicating the influence of using RAS on reducing the relaxation 
properties of the asphalt mixture. 
75 
 
  
 
Figure 55. Phase angle response from the DSR complex shear modulus test 
 
Figure 56. Slope of the mastercurves of each fine asphalt mixture indicating relaxation properties 
at 0.1Hz reduced frequency 
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Figure 57. Slope of the mastercurves of each fine asphalt mixture indicating relaxation properties 
at 1.0 Hz reduced frequency 
 
Figure 58. Slope of the mastercurves of each fine asphalt mixture indicating relaxation properties 
at 10 Hz reduced frequency 
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6.2  Strength Test 
Strength tests were also performed to evaluate the influence of RAS on fine asphalt 
mixtures. Fresh and already tested specimens were used for strength testing. After performing the 
complex shear modulus test on the fine asphalt mixture specimens, some of the tested specimens 
were used to test for strength at 46°C (114.8°F). Since the modulus test was shown to be non-
destructive, reusing the same specimen for strength testing was considered acceptable in the scope 
of this study. Specimens were conditioned for 30 min at 46°C (114.8°F) in the DSR temperature 
control fixture before testing. The strength (yield) test was then conducted as stress growth using 
a shear rate of 0.0004 1/s until reaching a strain of 4.0%. As expected most specimens completely 
failed before this range was reached.  
Yield is defined as a stress at which the material begins to deform plastically. Prior to the 
yield or peak point, the material deforms elastically, and if the stress applied is released, the 
material will return to its original shape. After the yield or peak point, plastic deformation starts to 
occur, and the strain is irreversible. This test gives an indication of the strength of a material.  
Figure 59 shows the strength test results obtained for the different fine mixes. The influence of 
RAS and the effect of changing the asphalt binder grade can be also clearly shown in the strength 
of the materials. The mix with PG64-22 and 7.1% RAS shows the highest strength compared to 
the other mixes, followed by the mix with PG64-22 and 0.0% RAS. However, the mix with PG46-
34 and 7.1% RAS showed a similar strength and peak load of the mix with PG64-22 with 0.0% 
RAS and it also shows that this mix failed even before the PG64-22 and 0.0% mix reached the 
complete failure.  
Figure 60 shows the slope of the initial portion of the stress-strain curves obtained from 
the strength test which can also indicate the initial modulus of the mixtures as well. The effect of 
RAS is also clearly observed at initial times of loading.  
Furthermore, the peak stress and corresponding strain is shown in Figure 61.  The mix with 
PG64-22 and 7.1% RAS shows the highest strength followed by the mix with PG64-22 and 0.0% 
RAS (considering the absolute peak point as the failure point). In addition, by looking at the results 
of the PG46-34 mixes, the mix with 7.1% RAS shows the highest yield strength compared to the 
other mixes with 2.5% and 0.0% RAS. Two typical patterns are observed from the strength test 
results. The first is an increase in strength corresponding to an increase in RAS content, while 
corresponding strain at peak stress decreases with increasing RAS content. Typical failure patterns 
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after the strength test are also shown in in Figure 62. The failure plane was usually at an angle to 
the loading plane which indicates the critical plane with shear and normal stresses (likely to be 
tensile normal stresses). 
 
                
 Figure 59. Strength test results obtained form DSR mixture testing at 46°C (114.8°F) 
                  
Figure 60. Initial portion of the yield curves indicating the strength of each mix 
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Figure 61. Shear stress and strain at the peak point of the strength test 
 
Figure 62. Failure patttern  after the strength tests 
6.3  Fatigue Test 
Several fatigue testing trials were performed on the fine asphalt mixture specimens. 
Limited fatigue tests could be performed due to torque capacity of the equipment. Especially, the 
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mixtures with PG64-22 asphalt binder grade were shown to exceed the DSR machine capacity at 
10 Hz loading frequency. This was also observed for the mixtures with PG46-34 and 7.1% RAS 
at the strain control fatigue test. Fatigue results were initially obtained from a strain controlled 
fatigue test at 0.15% strain and 10 Hz and a temperature of 25°C (114.8°F), where the modulus 
degradation chart is shown in Figure 63. Strain controlled tests could not be continued due to 
exceeding torque limit for samples with higher RAS content and stiffer asphalt binder. Therefore, 
strain controlled fatigue was limited to the mixes with PG46-34, 0.0% RAS and the mixes with 
PG46-34, 2.5% RAS and limited replicates. These results were obtained from 1 to 2 specimens of 
each mix only.  
 
Figure 63. Modulus degradation chart from a strain controled fatigue test at 0.15% strain and 
25°C (77°F) 
In addition, a stress control fatigue test was performed on the mixes at two different stress 
levels. The stress levels were chosen to obtain a reasonable number of cycles to failure for all the 
mixes. The stress levels were chosen to be 200,000 Pa and 300,000 Pa. Based on stress controlled 
fatigue tests, the number of cycles to failure increased for materials with higher RAS. This is due 
to smaller initial strains in mixes with higher RAS contents that resulted in higher stiffness of these 
materials. Modulus degradation curves and fatigue curves are shown in Figures 64-66.  
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Figure 64. Modulus degradation chart from a stress controlled fatigue test at 200,000 Pa, 10 Hz 
frequency, and 25°C (77°F) 
 
Figure 65. Modulus degradation chart from a stress controlled fatigue test at 200,000 Pa, 10 Hz 
frequency, and 25 °C (77°F) 
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Figure 66. Stress vs. number of cycles to failure (fatigue curves)  
 
Fernand (1997) documented that stress controlled tests are usually suitable for predicting 
long life (high cycle) fatigue and for thin structures that do not experience high strains beyond the 
elastic limit. While strain controlled tests are usually good to represent low cycle fatigue, whereas 
at a highly stressed regions, inelastic strains are constrained by the surrounding elastic matrix. 
Therefore, a strain controlled test is a fair representation of the conditions experienced by the 
material at regions stressed beyond the elastic limit. On the other hand, a report from the SHRP 
(1990) on fatigue of HMA documented that the strain controlled fatigue tests are suitable for soft 
and thin structures whereas the stress controlled fatigue tests are suitable for thick and stiff 
structures. 
Guzlan and Carpenter (2003) proposed a new approach to evaluate the failure of a flexural 
fatigue test. This method is based on the ratio of dissipated energy change (RDEC) which is the 
ratio of change in dissipated energy between two neighboring cycles divided by the initial cycle. 
The also defined the platue value (PV) which is a constant value of RDEC or where there is a 
constant percent of input energy being turned into damage. Guzlan and Carpenter suggested that 
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this platue value can be used to characterize the fatigue life of HMA. Using the PV, similar fatigue 
curves from stress or strain control fatigue tests can be obtained (Guzlan and Carpenter, 2007).   
In addition to that, the viscoelastic continuum damage model (VECD) was developed by 
Kim et al. (1997) and Park et al. (1996), and further modified by Chehab et al. (2003) and Chehab 
and Kim (2005). Viscoelastic continuum damage model was formulated based on the principles of 
thermodynamics assuming that inelastic response of the materials is linked to energy dissipation 
due to irreversible thermodynamics processes. The damage model developed is based on 
viscoelastic fracture mechanics and pseudo variables concept introduced in the works of Schapery 
(1975 and 1984). The ultimate objective of VECD is to obtain characteristic stiffness as a function 
of damage parameter. The relationship between C (stiffness) and S (damage variable) indicate the 
degree of material degradation with loading, time, and temperature. A characteristic relationship 
exists for each material which can then be used to predict failure potential under given loading and 
environmental conditions. The VECD can also be more appropriate to be considered in the 
evaluation of fatigue lives of asphalt mixtures. 
Furthermore, Shu et al. (2007) documented that using the dissipated energy concepts are 
more reasonable for predicting fatigue life of asphalt mixtures since it takes into account the energy 
accumulation during each loading cycle. Shu and his co-workers used the IDT test to evaluate 
fatigue resistance of asphalt mixtures with RAP using the dissipated energy approach, while 
different parameters were obtained such as the energy ratio (ER) which was proposed by (Roque 
et al., 2004). The ER is defined as the ratio of current dissipated creep strain energy to that of initial 
conditions. The ER parameter was integrated to an HMA fracture model used in distinguishing 
top-down cracking potential for the mixes evaluated. Shu and his co-workers also used several 
parameters including the platue value (PV) and Toughness Index. Shu concluded that using the 
PV and the ER are more reasonable for predicting fatigue life of asphalt mixtures.  
As a final conclusion on the stress controlled fatigue test, the specimens with higher RAS 
contents were found to have longer fatigue lives compared to other specimens with 0.0% and 2.5% 
RAS. While in the strain controlled fatigue results, as in the case of the push pull fatigue results, 
the fatigue lives degrade with increasing RAS amounts. In the field, loading conditions are 
combined of both modes and are more complex than lab stress or strain evaluations. Stress 
controlled tests are suitable for load boundary conditions such as traffic loading, whereas strain 
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controlled tests are appropriate for displacement boundary conditions such as thermal expansion 
and contraction. Stiff mixes may have lower fatigue life under strain control that they can have 
under stress control. This is due to high stresses applied in the specimen due to their stiffness. 
However, the differences between soft and stiff mixes can be higher at elevated temperatures 
where as these differences can be minimized at low temperatures as the differences in modulus 
decreasing.  
Therefore, strain control test can be appropriate for evaluating these mixes thermal 
cracking behavior. On the other hand, stiff mixes may have higher fatigue life under stress control 
than they can have under strain control. This is due to lower initial strain due to their higher 
stiffness. However, since the field have complex loading conditions combined both modes, a 
combination of tests to evaluate realistic performance of mixes with high ABR is required. This 
combination can include a temperature sweep tests such as modulus, some type of fracture or 
fatigue test at low temperatures, stress control fatigue test at intermediate temperatures or a hybrid 
fatigue test to consider low temperature cracking and intermediate temperature fatigue response. 
Figure 67 shows typical failure patterns after fatigue tests. As opposed to the strength tests, 
failure planes are horizontal where only shear stresses exist.  
 
Figure 67. Samples Failure Shapes in the Fatigue Test 
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6.4 Correlation between Mixture Complex Modulus Mastercurves and FAM Complex Shear 
Modulus Mastercurves   
A good correlation can be observed between at the slopes of the mastercurves of the HMA 
and FAM. The decreasing slope of mastercurves indicating a decrease in the relaxation potential 
of the mix with increasing the RAS percentages, Figure 68 shows the slope of mastercurves at 1 
Hz reduced frequency of both levels. 
Furthermore, same trend of increasing the complex modulus with increasing RAS amounts 
can be observed as illustrated in Figure 69 and 70 which show the complex modulus results of 
both mixes (HMA and FAM) at two different reduced frequencies from the mastercurves (1E-05 
Hz and 1 Hz). 
 
Figure 68. Correlation between slope of mastercurves of asphalt mixture testing and fine asphalt 
mixture testing at 1 Hz 
6.5 Statistical Analysis 
A detailed statistical analysis was performed on the DSR complex modulus test results to 
check the variability among the tested replicates and to check if the results obtained from the mixes 
were significantly different from each other. The problems with repeatability of mastic and fine 
aggregate specimens were reported in the literature (Howson et al. 2009). Therefore, it is very 
important to use statistical tools to check the test results for each parameter studied if they are 
repeatable and capture the effects of the parameter (in this case binder type and RAS content) in a 
repeatable manner. The statistical analysis was performed using Fisher’s LSD statistical test, based 
on ANOVA. 
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Figure 69. Correlation between the complex modulus results of the asphalt mixture testing and 
the fine asphalt mixture testing at 1E-05 Hz reduced frequency 
 
Figure 70. Correlation between the complex modulus results of the asphalt mixture testing and 
the fine asphalt mixture testing at 1Hz Reduced Frequency 
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The analysis was conducted on some randomly selected frequencies and temperatures from 
the measured complex shear modulus results at 0.1 and 10 Hz at the 28°C (82.4°F) temperature as 
well as 1 Hz at the 54°C (129.2°F) temperature. Analysis was performed using the SAS statistical 
analysis software at an alpha value of 0.05 (95% confidence interval). 
Before conducting the analysis, the data was checked for normality and homogeneity of 
variances as part of the analysis. The LSD test requires the data to be normally distributed and the 
variances to be homogenous in order to perform the test. Some of the tested data was found to be 
abnormally distributed, therefore, the log transformation was used to normalize some of the data. 
After normalizing the data, the analysis using the LSD test was performed. The results obtained 
showed that most of the mixes were significantly different from each other, except for some cases 
the mixes with 0.0% RAS and 2.5% RAS with PG46-34 asphalt binder; the mixes with PG64-22 
0.0% RAS and the mix with PG64-22 7.1% RAS; and the mix with PG46-34, 7.1% RAS and the 
mix with PG64-22, 0.0% RAS. 
In order to ease performing the statistical analysis in the SAS software, the mixes were 
labeled as follows: The mix with 0.0% RAS and PG 46-34 was named Virgin; the mix with 2.5% 
RAS and PG46-34 was named LRAS; the mix with 7.1% RAS and PG46-34 was named HRAS 
mix; while the mixes with PG64-22 with, 0.0% and 7.1% RAS were named 6Virgin and 6HRAS, 
respectively. Tables 18 through 20 illustrate the names for each mix, the frequencies and 
temperatures randomly chosen for the analysis, as well as the data normalization for the ones that 
found to be not normally distributed. 
After performing the transformation, the normality was checked using the Shapiro-Wilk 
Normality Test as shown in Table 21. The homogeneity of variances were also checked using the 
Brown and Foresythe’s test for each as shown in Table 22.  
The LSD test was first used to analyze the 0.1 Hz data at 28°C. Results obtained at this 
temperature and frequency using the transformed complex shear modulus data showed that all the 
mixes are significantly different from each other, except the mixes with PG64-22, 0.0% and 7.1% 
RAS as illustrated in Table 23. Figure 71 is comprised of the box plot that shows the averages and 
the distribution of the replicates at 0.1 Hz and 28 °C (82.4°F).  
88 
 
  
Table 18. Normalizing the Complex Modulus Data at 0.1 Hz and 28°C (82.4°F) 
Mix 
Statistical 
Analysis 
Name 
Replicate 
Original 
Complex 
Modulus 
Data (A) 
Log (A) 
0.0% RAS (PG46-34) Virgin 
1 4.86E+07 7.69 
2 7.42E+07 7.87 
3 5.03E+07 7.7 
4 6.86E+07 7.84 
2.5% RAS (PG46-34) LRAS 
1 9.99E+07 8 
2 7.44E+07 7.87 
3 6.60E+07 7.82 
4 8.07E+07 7.91 
7.1% RAS (PG46-34) HRAS 
1 2.24E+08 8.35 
2 2.47E+08 8.39 
3 2.66E+08 8.42 
4 2.19E+08 8.34 
0.0% RAS (PG64-22) 6Virgin    1 3.96E+08 8.6 2 3.48E+08 8.54 
0.0% RAS (PG64-22) 6HRAS 1 5.05E+08 8.7 2 4.68E+08 8.67 
 
Table 19. Complex Modulus Data at 10 Hz and 28°C (82.4°F) 
Mix Statistical Analysis Name Replicate 
Original Complex 
Modulus Data (A)* 
0.0% RAS 
(PG46-34) Virgin 
1 3.20E+08 
2 3.49E+08 
3 2.48E+08 
4 3.62E+08 
2.5% RAS 
(PG46-34) LRAS 
1 3.88E+08 
2 3.91E+08 
3 3.73E+08 
4 3.88E+08 
7.1% RAS 
(PG46-34) HRAS 
1 6.04E+08 
2 6.50E+08 
3 6.44E+08 
4 5.67E+08 
0.0% RAS 
(PG64-22) 6Virgin    
1 7.38E+08 
2 7.30E+08 
0.0% RAS 
(PG64-22) 6HRAS 
1 7.97E+08 
2 8.21E+08 
                  *The data was found to be normally distributed, therefore, no transformation was performed 
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Table 20. Normalizing the Complex Modulus Data at 1 Hz and 54°C (129.2°F) 
Mix 
Statistical 
Analysis 
Name 
Replicate Original Complex Modulus Data (A) Log (A) 
0.0% RAS 
(PG46-34) Virgin 
1 1.67E+07 7.22 
2 2.79E+07 7.45 
3 1.56E+07 7.19 
4 1.70E+07 7.23 
2.5% RAS 
(PG46-34) LRAS 
1 3.55E+07 7.55 
2 2.16E+07 7.33 
3 1.94E+07 7.29 
4 2.49E+07 7.40 
7.1% RAS 
(PG46-34) HRAS 
1 5.67E+07 7.75 
2 5.62E+07 7.75 
3 6.96E+07 7.84 
4 7.20E+07 7.86 
0.0% RAS 
(PG64-22) 6Virgin    
1 9.41E+07 7.97 
2 7.34E+07 7.87 
0.0% RAS 
(PG64-22) 6HRAS 
1 1.81E+08 8.26 
2 1.23E+08 8.09 
 
Table 21. Test of Normality for the Data after Transformation 
Tests for Normality 
Data Tests Statistics P-Value 
0.1 Hz and 28 °C 
(82.4°F) 
Shapiro-Wilk 
(W) 0.887999 Pr<W 0.0518 
P-value>0.05, 
data is normally 
distributed 
10 Hz and 28 °C 
(82.4°F) 
Shapiro-Wilk 
(W) 0.900024 Pr<W 0.0804 
P-value>0.05, 
data is normally 
distributed 
1 Hz and 54 °C 
(129.2°F) 
Shapiro-Wilk 
(W) 0.936066 Pr<W 0.2497 
P-value>0.05, 
data is normally 
distributed 
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Table 22. Test for the Homogeneity of Variances for the Data after Transformation 
Brown and Forsythe's Test for Homogeneity of Complex Modulus (G*) Variance 
Mix Source  Sum of Squares 
Mean 
Square 
F 
Value Pr > F 
0.1 Hz and 
28 °C 
(82.4°F) 
Transform
ed Data 
From 
Replicates 2 0.0046 0.0023 2.75 0.1172 
Pr> 0.05 
Variances 
are 
Homogene
ous 
Error 9 0.0075 0.00084       
10 Hz and 
28 °C 
(82.4°F)  
From 
Replicates 2 2.25E+15 1.13E+15 2.18 0.1685 
Pr> 0.05 
Variances 
are 
Homogene
ous 
Error 9 4.64E+15 5.16E+14     
  
1 Hz and 
54 °C 
(129.2°F) 
Transform
ed Data 
From 
Replicates 2 0.0020 0.00102 0.19 0.8302 
Pr> 0.05 
Variances 
are 
Homogene
ous 
Error 9 0.0482 0.00535     
  
 
The LSD test also shows that the all the mixes are significantly different from each other 
for the data at 10 Hz and 28°C (82.4°F), except for the mixes with PG64-22, 0.0% and 7.1% RAS 
as well. Table 24 shows the statistical analysis for the data at 10 Hz and 28°C (82.4°F).  
Figure 72 shows the box plot of the 10 Hz data at 28°C (82.4°F). 
 As mentioned earlier, the statistical analysis was also conducted for the complex shear 
modulus data measured at 1 Hz and 54 °C (129.2°F). Results obtained from the LSD test analysis 
at this range also shows that most of the mixes are significantly different from each other, except 
the mixes with PG46-34, 0.0% RAS and 2.5% RAS as well as the mixes with PG46-34, 7.1% RAS 
and PG64-22, 0.0% RAS as illustrated in Table 25. Figure 73 shows the box plot for the data at 1 
Hz and 54 °C (129.2°F). 
The g-plots that illustrates the testing replicates and gives an indication about the 
repeatability of the tested replicates are provided in Appendix B. 
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Table 23. Statistical Analysis Using the LSD Test for Complex Modulus Data at 0.1 Hz and 
28°C (82.4°F) 
LSD t-test for Complex Modulus at 0.1 Hz and 28°C (82.4°F) 
Alpha  0.05 
Errors Degrees of Freedom 11 
Error Mean Square 4.55E-03 
Critical Value of t 2.20099 
Comparisons significant at the 0.05 level are indicated by ***. 
G* Comparison Difference between Means 
95% Confidence 
Limits 
  
6HRAS - 6Virgin 0.11713 -0.03127 0.26553   
6Virgin - HRAS 0.19257 0.06405 0.32109 *** 
HRAS - 6HRAS -0.3097 -0.43822 -0.18118 *** 
LRAS - 6HRAS -0.78738 -0.9159 -0.65886 *** 
LRAS - 6Virgin -0.67025 -0.79877 -0.54173 *** 
LRAS - HRAS -0.47768 -0.58262 -0.37274 *** 
Virgin - 6HRAS -0.91304 -1.04156 -0.78451 *** 
Virgin - 6Virgin -0.7959 -0.92442 -0.66738 *** 
Virgin - HRAS -0.60333 -0.70827 -0.4984 *** 
Virgin - LRAS -0.12566 -0.23059 -0.02072 *** 
 
 
Figure 71. Box plot for the complex modulus Data (Log G*) at 0.1 Hz and 28°C (82.4°F) 
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Table 24. Statistical Analysis Using the LSD Test for Complex Modulus Data at 10 Hz and 28°C 
(82.4 °F) 
LSD t-test for Complex Modulus at 10Hz and 28°C (82.4°F) 
Alpha  0.05 
Errors Degrees of Freedom 11 
Error Mean Square 1.163E+15 
Critical Value of t 2.20099 
Comparisons significant at the 0.05 level are indicated by ***. 
n Comparison Difference between Means 
95% Confidence 
Limits 
  
6HRAS - 6Virgin 75000000 -55325 1.5E+08   
6HRAS - HRAS 192750000 1.3E+08 2.6E+08 *** 
HRAS - 6HRAS -192750000 -3E+08 -1E+08 *** 
LRAS - 6HRAS -424000000 -5E+08 -4E+08 *** 
LRAS - 6Virgin -349000000 -4E+08 -3E+08 *** 
LRAS - HRAS -231250000 -3E+08 -2E+08 *** 
Virgin - 6HRAS -489250000 -6E+08 -4E+08 *** 
Virgin - 6Virgin -414250000 -5E+08 -3E+08 *** 
Virgin - HRAS -296500000 -3E+08 -2E+08 *** 
Virgin - LRAS -65250000 -1E+08 -1E+07 *** 
 
 
Figure 72. Box plot for the complex modulus data (G*) at 10 Hz and 28°C (82.4°F) 
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Table 25. Statistical Analysis Using the LSD Test for Complex Modulus Data at 1 Hz and 54°C 
(129.2 °F) 
LSD t-test for Complex Modulus at 1Hz and 54°C (129.2°F) 
Alpha  0.05 
Errors Degrees of Freedom 11 
Error Mean Square 0.009945 
Critical Value of t 2.20099 
Comparisons significant at the 0.05 level are indicated by ***. 
n Comparison 
Difference 
between 
Means 
95% Confidence Limits 
  
6HRAS - 6Virgin 0.25415 0.03466 0.47364 *** 
HRAS - 6HRAS -0.37298 -0.5631 -0.1829 *** 
HRAS - 6Virgin -0.11883 -0.3089 0.07126   
LRAS - 6HRAS -0.78162 -0.9717 -0.5915 *** 
LRAS - 6Virgin -0.52747 -0.7176 -0.3374 *** 
LRAS - HRAS -0.40864 -0.5639 -0.2534 *** 
Virgin - 6HRAS -0.90083 -1.0909 -0.7107 *** 
Virgin - 6Virgin -0.64668 -0.8368 -0.4566 *** 
Virgin - HRAS -0.52785 -0.6831 -0.3727 *** 
Virgin - LRAS -0.11921 -0.2744 0.036   
 
 
Figure 73. Box plot for the complex modulus data (Log G*) at 1 Hz and 54°C (129.2°F) 
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CHAPTER 7: SUMMARY AND RECOMMENDATIONS 
 
7.1 SUMMARY AND FINDINGS OF ASPHALT MIXTURE TESTING 
The effect of using RAS and FRAP on one type of asphalt mixture was studied in an 
experimental program that included permanent deformation, stiffness, fracture, and fatigue tests. 
The following is a summary of the experimental findings: 
• Rutting or Permanent Deformation: Mixtures with various percentages of RAS and two 
asphalt binder grades were evaluated using the wheel track test to determine the 
mixtures’ rutting or permanent deformation potential. The use of RAS clearly improved 
resistance to rutting or permanent deformation at a higher pavement temperature. It was 
also shown that high temperature grade bumping (from PG 58-28 to PG 46-34) to 
compensate for the presence of RAS in the mix did not adversely affect rutting 
resistance. 
• Thermal Cracking: The fracture energy for the mixtures with various percentages of 
RAS was evaluated at –12°C (10.4°F) and 0°C (32°F) using the semi-circular bending 
beam test (SCB) and the disc compact tension test (DCT). Field cores and lab-
compacted specimens were tested. There was no clear difference observed for lab-
compacted specimens at –12°C (10.4°F) for any level of RAS. However, field cores at 
the same temperature had slightly greater fracture energy than that of lab-compacted 
specimens. On the other hand, fracture energy tests at 0°C (32°F) revealed significant 
differences in lab-compacted specimens (indicating the influence of RAS) and between 
lab and field cores. Fracture energy of specimens with 2.5% RAS was significantly 
higher than for the other lab-compacted specimens. In addition, the effect of asphalt 
binder grade was found to affect fracture energy of mixes with 7.5% RAS. Compared 
to lab-compacted specimens, field cores had considerably higher fracture energy, 
possibly due to the increasing influence of low air voids at milder temperatures. 
• Fatigue Performance against Reflective Cracking at Intermediate Temperatures: The 
mixtures with RAS were evaluated using the TTI overlay tester, which proposed as a 
device predicting mixtures’ resistance to reflective cracking. It was found that the 
increase in RAS content in the mixes combined with the use of stiffer asphalt binder 
grade (PG58-28) significantly reduced a mixture’s resistance to the applied 
displacement cycles.  
• Stiffness via Complex Modulus: The complex modulus of asphalt mixtures can 
potentially indicate performance parameters such as permanent deformation resistance 
or fatigue life. It was shown that as the RAS content increases in the mixes, the modulus 
at high temperature and/or low loading speeds significant increases. In addition, the 
slope of master curves, which can be considered an important indicator of the relaxation 
95 
 
  
potential of asphalt mixtures, decreases (indicates lower relaxation) with increasing 
RAS in the mixes. Stiffness at high temperatures and slope of master curves are related 
to permanent deformation potential and fatigue life of mixtures, respectively. 
• Fatigue Life and Damage Characterization: Limited number of strain-controlled push-
pull fatigue tests was conducted on the mixes. Degrading complex moduli were 
evaluated to predict damage and fatigue life of asphalt mixtures. It was found that an 
increase in the RAS content and/or use of stiffer asphalt binder grade clearly 
increases the rate of damage evolution in the specimens; hence, it accelerates a 
material’s modulus degradation.  
7.2 SUMMARY AND FINDINGS OF FINE ASPHALT MIXTURE TESTING 
The Superpave DSR was utilized in order to evaluate the influence of RAS on FAM. Fine 
asphalt mixtures were prepared using FM-20 fine aggregate mixed with PG46-34 asphalt binder 
and various RAS contents as well as PG64-22 with and without RAS. The following is a summary 
of experimental findings: 
• Complex Shear Modulus G*: The complex shear modulus of the FAM’s using the DSR 
can be correlated with the complex modulus results obtained from the asphalt mixtures. 
The results showed that an increase in RAS content results in an increase in the complex 
modulus and affect the relaxation properties in a similar way generally observed in the 
asphalt mixtures. Using a lower binder grade was found to be beneficial in reducing the 
stiffness and increasing the relaxation potential indicating the efficiency of binder bumping 
as RAS content increases. Statistical analysis using the fisher’s LSD test showed that most 
of the mixes G* results are significantly different from each other.  
• Strength Test: The strength test was performed on some of the FAM specimens tested for 
G* using the DSR. The test was conducted at 46°C (114.8°F). It was found that increasing 
RAS content increased the strength of the FAM, and lowering the asphalt binder grade 
reduced the FAMs’ strength.  
• Fatigue Testing: Very limited fatigue tests were conducted using the DSR on the FAM. 
Tow fatigue testing modes can be used; each for a different purpose. The stress-controlled 
fatigue test may simulate field vehicular loading; especially for thin structures and lower 
traffic loadings. The strain-controlled fatigue test (or the low cycle fatigue test) is 
appropriate to evaluate displacement boundary conditions such as thermal expansion.  
However, field representation is complex as it is a combination of both modes of loading. 
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Results obtained from the strain-control fatigue test (0.15% strain rate) showed a reduction 
in the fatigue life as the RAS content increased. Using RAS was also shown to accelerate 
the modulus degradation at this testing mode. On the other hand, when a stress-controlled 
fatigue test (using two different stress levels of 200,000 Pa and 300,000 Pa) was used, the 
fatigue life was improved as RAS content increased; due to resulting lower strains for the 
same level of stress.  
 
7.3 CONCLUSIONS AND RECOMMENDATIONS  
The main concern with increasing use of RAS in asphalt mixtures is the potential adverse 
effects on fracture and fatigue performance of mixes. Based on this study, the following 
conclusions can be made: 
1. The results obtained from various types of performance-related experiments show 
that monotonic fracture experiments at low temperatures alone may not be used to 
evaluate the mixes with high percentages of recycled materials, which can 
potentially exhibit more brittle fracture. The increase in tensile strength of these 
mixes with addition of aged stiff asphalt binder may compensate for the effect of 
brittleness on fracture energy values.  
2. Fatigue tests, where cyclic stress or displacement are applied, were able to 
differentiate among mixes with various percentages of RAS at intermediate 
temperatures 15°C–25°C (59°F–77°F) based on the results obtained from limited 
fatigue tests. Fatigue tests at both temperatures yielded similar results as to the 
effect of RAS content and asphalt binder type. The stress-controlled fatigue tests 
conducted on the fine asphalt mixtures yielded an outcome contrary to that of for 
regular mixture tests. It can be expected that the mixes with high ABR can have 
higher fatigue life under stress-control conditions whereas fatigue life can decrease 
under strain-control conditions. This is primarily due to the lower initial strains for 
mixes with higher modulus which is generally the case for mixes with high ABR 
mixes.  
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3. A fundamental test such as complex modulus can be used as a tool to estimate 
fatigue performance of brittle mixes. The complex modulus test results can provide 
important information about the mix viscoelastic properties, such as relaxation 
potential and long-term stiffness. The slope (indicating relaxation potential) and 
long-term stiffness values can be used together with fracture tests to evaluate mixes 
with high asphalt binder replacement.  
4. The study observed a similar trend in results for the fine asphalt mixtures and 
regular asphalt mixtures. It is relatively easy and less time consuming to prepare 
fine asphalt mixtures. Therefore, testing fine asphalt mixtures can be considered as 
a platform to evaluate some of the critical parameters that can influence the 
performance of the mixes.  
 
Based on this study, the following recommendations are made: 
1. It is critically important to conduct series of tests in order to evaluate strengths and 
weaknesses of mixes with high ABR in terms of their fatigue lives. A testing suite 
should be developed that may include sweep of temperatures under stress and strain 
controlled modes. 
2. The following variables should be tested at for fine mixes to predict the impact on 
regular mixes: Type and amount of rejuvenator, RAS source variability, and critical 
testing parameters (stress/strain control, rate of loading, etc.).   
3. Impact of RAS on other mix designs should be evaluated. 
4. The degree of blending between RAP and/or RAS binder with virgin binder in 
asphaltic mixtures should be determined. 
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APPENDIX A ASPHALT MIXTURE DESIGN AND MATERIALS GRADATION OF ASPHALT MIXTURES 
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APPENDIX B G-PLOTS FOR THE STATISTICAL REPEATABILITY 
OF THE COMPLEX SHEAR MODULUS MASTERCURVES 
 
G-Plot for the data at 0.1 Hz and 28°C (82.4°F) 
 
Figure 74. G-plot for the replicates at 0.1 Hz and 28°C (82.4°F) 
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G-Plot for the data at 10 Hz and 28°C (82.4°F) 
 
Figure 75 G-plot for the replicates at 10 Hz and 28°C (82.4°F) 
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G-Plot for the data at 1.29 Hz and 28°C (82.4°F) 
 
Figure 76. G-plot for the replicates at 10 Hz and 28°C (82.4°F) 
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APPENDIX C FINE ASPHALT MIXTURE SPECIMEN 
PREPARATION AND TESTING PROCEDURES 
Fine Asphalt Mixture Sample Preparation: 
The following points summarizes the sample preparation of the fine asphalt mixtures: 
• Place the FM-20 aggregates in the oven over night at a 155°C (311°F) 
• Place the asphalt binder in the oven for 2-3 hrs until it reaches the 155°C (311°F) 
compaction temperature 
• Before the temperature reaches the compaction temperature of 155°C (311°F) for the 
asphalt binder in about 20-30 min. Heat the RAS materials at the same oven temperature 
and avoid extra heating for the RAS material. Extra heating will make the RAS materials 
stick to each other and further aged. 
• Weight the required amount of aggregates in the heated mixing bowl, then add the required 
amount of RAS to the aggregates and mix them by hand to be distributed and blended with 
the heated aggregates 
• Add the required amount of asphalt binder to the mix and start mixing using the electrical 
mixer. 
• Place the materials in the oven at the compaction temperature for two more hrs, this 
represents short-term aging. 
• Use a specific weight of the materials and compact using the gyratory compactor. Use a 
constant number of gyrations to achieve desired density. 150 gyrations were used in this 
study. 
• Record the height obtained in order to check for the air void content. 
• One day after the compaction, Gmb and air void content measurements can be obtained. 
• Cut a slice from the top (or bottom) part of the gyratory compacted specimen in order to 
obtain a smooth surface. 
• Make sure the remaining part after cutting is sufficient to obtain a reasonable specimen 
length of 50-60 mm (1.96 – 2.36 in). 
• Before using the 12.45 mm (0.49 in) coring bit to core the samples from the gyratory-
compacted specimen, place the gyratory-compacted specimen in the freezer overnight to 
facilitate the coring process. 
• For consistency, the cored specimens must be obtained using similar space from the edge 
of the specimen or from the center of the specimen. 
• The Gmb and air void content measurements are determined using saturated surface dry 
(SSD), submerged, and dry weights of the small cored specimens as well as the large 
compacted specimen. 
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• The air void content can also be checked theoretically from the weight and the volume of 
the gyratory-compacted specimen. 
• Conditioning must be at least 30 min for each temperature before testing. 
• A ZAP-A-GAP glue is used to glue the specimen from the top and the bottom to the DSR 
cylindrical caps to fix the specimen to the testing fixture 
• The DSR mix fixture can be used to align the specimens while gluing them, this can be 
done by gluing the bottom cap to the specimen, then place the top cap on the fixture along 
with the specimen. The top part with the cap, not glued, can be moved freely for alignment 
purposes. Rotate the top part to obtain the best alignment possible, then glue the top part 
to make sure they are sufficiently glued. Alignment of the specimen is very important. 
• Figures 77-78 show the coring procedure as well as the specimen fixed in the DSR fixture. 
• Before measuring the complex shear modulus, the linear viscoelastic range must be 
checked using a multiple single frequency sweep tests as shown in Figure 79 
• The complex shear modulus can then be measured using the frequency sweep test in the 
strain control mode as shown in the provided parameters at Figures 80 and 81. 
• For testing at low temperatures the test is performed from low frequencies to high 
frequencies while at high temperatures the test is performed from high frequencies to low 
frequencies as shown in Figures 79 and 80. 
 
 
Figure 77. Cutting and Coring of the Fine Asphalt Mixture Samples 
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                  Figure 78 Fine Asphalt Mixture Specimens after Coring 
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Figure 79 Testing Parameters to Check the Linear Viscoelastic Range 
    
Figure 80 Testing Parameters for the DSR Complex Modulus at Low Temperatures 
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Figure 81 Testing Parameters for the DSR Complex Modulus at High Temperatures 
 
Testing Parameters for the Strength Test 
       
Figure 82 Strength Testing Parameters 
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Testing Parameters for Stress Control Fatigue Test 
 
           Figure 83. Testing Parameters for Stress Control Fatigue Test 
 
Testing Parameters for Strain Control Fatigue Test 
 
           Figure 84. Testing Parameters for Strain Control Fatigue Test 
